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Abstract

Biomedical Applications and Strategies using Boronic Acids

Thomas P. Smith

Under the supervision of Professor Ronald T. Raines

at the University of Wisconsin—Madison

Boronic acids have been shown to interact with biological molecules including carbohydrates and
reactive oxygen species (ROS). This variety of biological targets is due to the unique reactivity of
boron that, within a physiological pH range, can adopt two electronically and structurally distinct
forms that differ in Lewis acidity. This type of reactivity can be exploited for the design of novel
biomedical tools and strategies for biological-based therapeutics.

The development of therapeutic proteins is generating considerable interest. This interest is
due to the high selectivity of proteins for a target and the high enzymatic activity a protein-based
therapeutic can possess. There are, however, a number of challenges that need to be met. The
delivery of peptides and proteins to the site of action is notoriously difficult. This challenge is
due, in part, to the difficulty of molecules of peptidic size and complexity to reach the site of
action, primarily the cytosol of a cell, and still maintain function. Although there is considerable

effort to develop better ways to facilitate uptake into the cytosol, many of these strategies have



xii
serious limitations related to toxicity or physiological stability.

In chapter 2, I describe the development of a discreet, small-molecule boronic acid-based
delivery strategy for the delivery of native protein into the cytosol of a cell. This was
accomplished by appending a specialized boronic acid directly to solvent-exposed lysine residues
of a protein of interest via an immolative linker possessing esterase sensitivity. The boronic acid,
benzoxaborole, has enhanced affinity for the non-reducing saccharides that are prevalent on the
surface of a cell. By increasing the number and affinity of interactions with the cell surface, this
strategy was shown to significantly improve cellular uptake of both green fluorescent protein
(GFP) and a cytotoxic variant of RNase A. Most importantly, these boronic acid appendages are
quantitatively cleaved when exposed to endosomal and cytosolic esterases, releasing completely
native, unmodified protein.

Another challenge with biologic therapeutics is overcoming the potential pleiotropic nature
of the particular protein or enzyme. This challenge is explicit in the use of angiogenin (ANG) as a
potential treatment of amyotrophic lateral sclerosis (ALS). ANG has been shown to be a powerful
neuroprotectant and recovery agent in mouse models for ALS. Nonetheless, treatment with wild-
type angiogenin can also promote undesired angiogenesis and tumor growth in the systemic
system.

In chapter 3, I highlight a specific masking strategy that silences the catalytic activity of
ANG under normal physiological conditions. When exposed to reactive oxygen species (ROS)
leading to oxidative stress, this mask is removed, and catalytic activity is reconstituted. Oxidative
stress is a key component in a number of disease states including cancer, cardiomyopathy,
inflammation, diabetes, and many neurodegenerative diseases.

In ALS, the up-regulation of ROS in the central nervous system (CNS) is primarily
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responsible for the motor neuron degeneration characteristic of the disease. The presence of a
boronic acid-masking agent engenders ANG with pro-drug characteristics, which not only
expands the potential use of this protein as a therapeutic for ALS, but also offers a novel way of
fine-tuning enzyme activity in a controlled fashion.

Boronic acids have also been utilized as important functional groups in medicinal
chemistry. For example, Velcade® (bortezomib), is a first-in-class boronic acid-containing
protease inhibitor and the first boronic acid drug to be approved by the FDA. Another potential
target is the homotetrameric protein transthyretin (TTR). The misfolding of TTR leads to amyloid
fibril formation in the peripheral nervous system or cardiac tissue, leading to several known
human amyloidogenic diseases. Current treatment for TTR amyloidosis requires a high-risk and
costly liver transplant to remove the primary source of a deleterious TTR variant. Alternative
strategies use small-molecules to stabilize the TTR quaternary structure and thereby preventing
fibril formation.

In chapter 4, I discuss the development and characterization of a targeted library of small-
molecule boronic acids that bind to the thyroxin (T4) binding pockets and strongly inhibit fibril
formation in both wild-type and a common disease variant, V30M-TTR. Structural data has
shown that two molecules from this library bind in a covalent fashion with polar residues within
the T4 binding pocket. These are the first boronic acids to interact covalently with a non-catalytic
residue within a protein-binding site and opens new avenues for the use of boronic acids in the

design of small-molecule therapeutics.
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Modern boradeption: Boronic acid as a dynamic functional

group for biomedical applications

1.1 Abstract

Boronic acids are small-molecule Lewis acids that can adopt two structurally and electronically
distinct forms. This unique property has led to near ubiquitous adoption of boronic acids
throughout the fields of chemistry and chemical biology. More recently, boronic acids have
gained momentum as an important functional group in medicinal and pharmaceutical chemistry.
Researchers are borrowing principles from diverse fields such as molecular recognition,
analytical chemistry, and saccharide- and ROS-sensing, to develop functionalized boronic acids
as alternative delivery, targeting, and activating agents for small-molecule therapeutics and
biopharmaceuticals. Herein, I present a brief overview of the development of boronic acids as

transport and delivery agents for therapeutic molecules.



1.2 Introduction

Boronic acid was first synthesized and isolated by Frankland in the mid-19" century' and
characterized by Loland, Edwards, and others in the mid-20™ century.z'4 Since that time, boronic
acids have become almost ubiquitous in many areas of chemistry. This widespread adoption is
due to its unique properties. Structurally, boronic acid is sp*-hybridized with a single B-C bond
and two B—OH bonds to fill out the valence. As such, boronic acid has six valence electrons and
an empty p-orbital that lies perpendicular to the plane of the molecule.

Despite its name, a boronic acid is not a Brensted—Lowry acid in the same sense as its
carbon analog, a carboxylic acid. The empty p-orbital instills the boron center with Lewis acidic
character, which can accept electrons from a Lewis base, such as water. This leads to a
conversion from a neutral, sp>-hybridized species to an anionic, sp’-hybridized species and
releases a proton. Accordingly, this transformation is pH-dependent; at a pH greater than the pK,
of the boronic acid, the tetravalent form predominates (Scheme 1.1).’

At more alkaline pH, boronic acids have been found to readily interact with 1,2- and 1,3-
cis diols to form stable 5- and 6-membered boronate esters.”®’ The stability of the boronate ester
is also pH- and solvent-dependent. At a pH lower than the pK, of the boronic acid, the trivalent
boronate is the prominent species. Due to increased ring strain, the boronate ester will hydrolyze
back to the free boronic acid (Scheme 1.1).” The trivalent form of both the free acid as well as
the boronate ester can coordinate water and release a proton. In many cases, the boronate ester is
considered more acidic than the free acid.™®

The exact mechanism as to how boronic acids react with diols to form boronate esters is
still under investigation. Effective boronic acid—diol interaction is now generally believed to be

dependent on a number of factors including steric strain, the pK, of both the boronic acid and the



diol of interest, and the pH of the solution.”” ' Attempts have been made to describe optimal
binding conditions, but many exceptions defy any observed trends.*' -2

Although mechanistic details are still being debated, empirically, this selective and

dynamic diol-boronic acid interaction has led to an incursion into subfields of supramolecular

13-15 20,21

chemistry, including saccharide sensing,'® analytical separations,'”" drug delivery,
materials science,”” and molecular recognition.”** Boronic acids have also earned a special
place in medicinal chemistry due to their low toxicity and ability to coordinate with Lewis basic
amino acids such as serine. Small-molecule boronic acids have been developed as transition-state
protease and proteasome inhibitors, as well as anti-cancer and anti-bacterial agents.”>* A new
and promising application of boronic acid is the cellular delivery of large macromolecules. In

particular, boronic acids are being developed to facilitate the internalization of protein-based

biopharmaceuticals across biological membranes.

1.3 Challenges faced by biopharmaceuticals

Nature has developed efficient and selective mechanisms for the bi-directional transport of
ions, small molecules, peptides, and proteins across cellular membranes.” ***' These active and
passive transport processes are crucial for maintaining homeostasis and allowing cellular
communication and protection.”’ The development of artificial transporters to move molecules
across biological membranes has both academic and clinical interest; such transporters not only
aid the study of cellular function, but also allow for the effective delivery of therapeutic
molecules to the site of action, primarily the cytosol of the cell.”!

The high therapeutic value of biopharmaceuticals is based on their specific mechanisms of

action, high potency, low dosing, and the opportunity for replacement therapy. Still, the delivery



of protein-based therapeutics to a site of action is notoriously difficult.”*>* Proteins are
structurally diverse and complex molecules that are easily hydrolyzed and metabolized in vivo,
leading to poor bioavalibility.** Additionally, the natural immune response from the body could
potentially neutralize the protein therapeutic and, in some cases, negatively affect the patient.
Finally, due to their large size and hydrophilic nature, protein therapeutics are often unable to
easily cross biological membranes.**™

Efforts to design strategies to overcome challenges associated with protein delivery and
stability are ongoing. Current approaches to alter or mask the physical properties of a biologic to
improve pharmacokinetic attributes such as bioavailability and cellular uptake typically include
cationic  peptides,’®  liposomes,””  polyethyleneimine  derivatives,”®  nanoparticles,”

441 and antibody- or viral-based methods.*** Many of these strategies possess

dendrimers,
inherent limitations, including instability, off-site reactivity, toxicity, immunogenicity, or poor

bio-degradability.***** Boronic acids offer an alternative approach to current delivery and

protecting strategies that avoids many of these pitfalls.

1.4 Boradeption: Boronic acid as an artificial membrane transporter

In 1982, Henson and coworkers discovered that under certain conditions, insoluble
boronic acid functionalized reporter molecules, such as m-dansylamido phenylboronic acid (1.1),
could be solubilized in buffered solution at neutral pH (Figure 1.1). These hydrophobic
molecules were found to be taken up by living cells and stained different cellular components.*°
These authors coined this process “boradeption” to signify boronic acid-dependent phase
46-48

transfer of water-insoluble agents.

The “boronate-carrying buffer” typically contained a “receptor” agent, such as



diethyanolamine (DEA), known to complex with boronic acids. The authors hypothesized that
the boronic acid-DEA adduct allowed the molecule to become more hydrophilic overall,
possibly due to the charged tetravalent boronate. The proposed mechanism involves contact of
the boronate complex with the cell surface, leading to dissociation and transfer of the free
boronic acid into the lipid regions of the cell membrane and leaving the “carrier buffer” behind
(Scheme 1.2). This approach offers a mild and non-toxic alternative to “shocking” cells with
high levels of organic solvent in order to deliver insoluble, hydrophobic molecules.

These authors believed that this strategy could be used to produce reagents to stain living
cells, as well as to solubilize and deliver drugs, enzyme substrates, heavy metal containing
organic molecules, and radioactive reagents.*® Structural modification to install a linker sensitive
to enzymatic cleavage between a cargo of interest and boronic acid was hypothesized to allow
for selective cleavage and the subsequent release of the cargo from the boronic acid-carrier
agent. Many of these predictions have now been realized, and in some cases, have led to distinct

areas of research that will be touched upon throughout this thesis.

1.4.1 Boronic acid-mediated transport through bulk liquid membranes

There is considerable interest in developing efficient transporter systems to deliver
therapeutic molecules into living cells.*’ The complex and highly heterogeneous nature of the
cell membrane has, however, made studying the mechanism of boronic acid-mediated transport
challenging. After the concept of boradeption was introduced, a number of research groups
looked to study this mechanism in detail using artificial bulk liquid membranes (BLM).""*’

This simplified system uses a “U-tube” apparatus for the study of solute movement

through an organic solvent, usually dichloroethane (DCE), which is flanked by two buffered



aqueous phases. These aqueous phases serve as “departure” and “receiving” points for the
molecule being transported (Scheme 1.3). BLM experiments are easy and inexpensive to operate
but require an excess of material and suffer from low reproducibility.*

Shinbo and co-workers were the first to use BLMs to study boronic acid-mediated
transport of monosaccharides.™ Instead of using a “carrier buffer” containing DEA, the aim was
to transport the saccharide-boronate ester itself. In this initial study, the boronic acid investigated
is the prototypical phenylboronic acid (1.2). Monosaccharides were added to the departure phase,
and the pH of the system was maintained at 10 to facilitate boronate ester formation. Because the
tetravalent form of the boronate was believed to exist at high pH, the transfer catalyst
trioctylmethylammonium chloride (TOMA—-CI) was also added to both aqueous phases to
provide an ammonium co-transport ion.

Under these conditions, a number of reducing monosaccharides were successfully
transported from the departure phase, across the BLM, and then extracted from the receiving
phase. The rate at which these saccharides were transported are as follows: fructose > mannose >
galactose > glucose. This trend is due to the increased stability of the boronic acid—saccharide
complex wherein boronate esters formed with syn-periplanar 1,2-diols are considerably more

favorable.>'%°1°2 A

similar observation was made for non-reducing p-nitrophenyl glycosides in
which the rate of transport was determined to be: cis-a,y-diol > cis-a,p-diol > trans-a,y-diol >>
trans-o,B-diol.>

In the absence of TOMA—CI or when the pH of the system was acidified, no saccharide
transport was observed. This result suggests that the primary transport pathway utilizes an “ion-

pair” mechanism via the tetravalent boronate (Scheme 1.3 b). This ion-pair mechanism of

boronic acid-mediated transport was also determined for other biologically relevant molecules,
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including ribonucleosides, catecholamines, sialic acid derivatives,59 amino acids, as

well as galacto- and glucopyranosides.®*®

An alternative mechanism, in which transport is mediated by the neutral trigonal
boronate, was also proposed (Scheme 1.3a).>>* This mechanism was suggested based on the
observation that a small amount of glucoside transport occurred using compound 1.2 at neutral
pH and in the absence of TOMA. The rate of transport was only 4-fold faster than baseline
diffusion when the boronic acid transporter was absent. Yet, the same experiment in the presence
of TOMA saw a 25-fold increase in transport rate. Although seemingly unimpressive, these
studies are significant in that they show it is possible to achieve boron-mediated transport
without a co-transporting agent such as TOMA.

This result prompted the development of structurally diverse boronic acids that can form
net-neutral, lipophilic complexes to transport biomolecules effectively at a physiologically
relevant pH. One of the first attempts to design an independent boronate-transporter was done by
Smith and coworkers. Their initial aim was to complex a sodium ion with a crown ether for co-
transport with the boronate ester.**®

Their model utilizes a “cleft” linker between the boronic acid and the crown ether (1.3),
which positions the sodium ion ~5.5 A from the boron center. This strategy was proven
successful in transporting p-nitrophenyl f-D-glucopyranoside at a rate of 2-fold above baseline
diffusion at pH 6.3. This rate is considerably less than that of the PBA-TOMA system, which
had a 21-fold increase in transport under the same conditions. Decreased transport efficiency

could be due to design limitations including steric occlusion of the monosaccharide and the

placement of the sodium counter-ion too far from the boron center.



Interestingly, a change in the linker leading to compound 1.4 led to both an efficient and
selective strategy to transport the neurotransmitter dopamine.’’ This selectivity comes from
simultaneous interactions between the boronic acid and catechol motif, and between the crown
ether and primary amine on dopamine. These interactions lead to a net-neutral complex that does
not need a co-transporting ion. This transporter shows significant preference for dopamine (160-
fold rate increase) and norepinephrine (60-fold rate increase) over other catecholamines such as
epinephrine due to the crown ether affinity for primary amines.

Czarnick and coworkers expanded upon this idea to develop N-alkylated pyridine
boronates.” These molecules exist as a zwitterionic species under neutral conditions, with pK,
values of 4 and 8. This new class of boronate transporters was able to transport nucleosides
effectively at pH 6.5.”> The best transporter, compound 1.5, contained a cholanyl group and was
found to transport uridine 140-fold faster than passive diffusion. The TOMA-CI system only
showed a 17-fold increase in transport rate. Structural modeling suggests that this rate
enhancement might be due to additional hydrophobic interactions between the cholanyl group
and the uridine. Other versions of this transporter used a smaller alkyl tail and still showed up to

a 110-fold increase in transport rate.>

1.4.2 Boronic acid-mediated transport through artificial lipid bilayers

Additional experiments were performed to study boron-mediated transport through
artificial bilayers using liposomes.**®® The rationale for studying transport across a lipid bilayer
is that liposomes are also being developed as potential delivery agents.”” As such, efficiently
transporting a therapeutic molecule out of its liposome carrier would be desirable. Smith and

coworkers were able to show that boronic acids 1.4 and 1.5 were able to transport



monosaccharides, glucopyranosides, and nucleosides selectively and effectively in both
directions across liposomal membranes. Interestingly, this transport process is believed to occur
via the reversible trivalent boronate pathway (Scheme 1.3a).

This conclusion is based on the observation that the addition of different lipophilic
cations did not affect influx or efflux rates of glucose at neutral pH.®*®" The neutral pH is
significant because boronic acids 1.4 and 1.5 have pK, values of 7.4 and 7.2, respectively, which
would lead to an equilibrium of trivalent and tetravalent forms of the boronate. Previously, with
BLM experiments, transport rates were highly dependent on the presence of a co-transport ion.

This result suggests that the mechanism of transport is context dependent.

1.5 The role of boronic acid in protein delivery systems

As stated previously, there are many potential delivery strategies that have been explored
for the intracellular delivery and release of both small-molecule and protein therapeutics. More
recently, there has been interest in dendritic and micelle forming complexes due to the ease of
chemical functionalization and subsequent cargo loading.* In many cases, boronic acids have
been structurally incorporated into these systems as “smart” technology to engender a stimuli-

responsive release mechanism. The stimuli correspond to different physiological contexts, such
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as pH,®"" saccharide, and reactive oxygen species (ROS) sensitivity.”® Most of these

examples involve encapsulating small-molecule therapeutics to improve pharmacokinetic
properties through release under a particular physiological condition.

Boronic acid is typically employed as a “handle” for reversible attachment of additional

77-80

delivery and micelle forming components such as lipids, dendritic polymers, nanoparticle

73,81

cores, PEGylated co-polymers, %™

or ligands for receptor-mediated uptake® via a
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boronate-catechol complex. When a micelle or other therapeutic carrier containing a therapeutic
of interest encounters a change in the environment, such as a decrease in pH, the boronate-
catechol complex will dissociate. This process leads to the break-up of the micelle and release of

the therapeutic cargo.

1.5.1 Boronic acid-protein conjugates for cellular delivery

There are relatively few examples of using a boronic acid to “decorate” a protein of
interest as a direct boronic acid-protein conjugate. Pillay and Arriatti published one of the first
examples of protein conjugate formation with a boronic acid.®® These authors were able to
reversibly coordinate DNA fragments to the surface of human serum albumin (HSA) via a
boronic acid linker. This boronic acid was attached covalently to the protein surface via peptide
coupling with solvent-exposed carboxylates. More recent examples utilize a bioconjugated
boronic acid as a handle for further modification with either a lipid’® or dendritic polymers’’ that
encapsulate and protect a protein from its extracellular environment.

This approach requires the attachment of the boronic acid directly to the surface of the
protein via now routine bioconjugation techniques.’”** Although the extra delivery components
can be removed with a decrease in pH, the boronic acid itself is attached covalently to the protein
surface, usually through non-specific conjugation. Since protein function is highly sensitive to
such changes in structure,®® any viable delivery or masking strategy must be reversible or
traceless in nature, delivering only native protein.

Gois and co-workers have recently published an interesting way to label proteins
reversibly with boronic acids for additional functionalization and bioconjugation. These

researchers developed small-molecule boronic acids that can target surface-exposed lysine
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residues and form stabilized imines that are not prone to hydroyisis.””*** These boronic acids
can be functionalized with different components such as fluorescent tags, azides for click
chemistry, or folic acid for folate receptor-mediated uptake.*® These boronic acid appendages can
be removed in the presence of fructose, which has a high affinity for boronic acid, or the
intracellular reducing agent glutathione (GSH). This strategy has also been employed to

selectively label N-terminal cysteine residues of peptides via a thiazolidino boronate complex.”

1.5.2 Targeting boronic acids to the cell surface-glycocalyx

Boronic acids can also be used as the main functional group to facilitate cellular uptake
by interaction with glycans present on the cell surface.”’™ In 1980, Hageman and coworkers
were one of the first groups to target the cell surface with a boronic acid.”* This group targeted
fluorescent boronic acid 1.1 to the surface of bacterial cells. Evidence of boronate ester
formation was confirmed by adding a competitive binder such as mannitol, which leads to a
drastic decrease in fluorescence.

This idea was expanded to target cargo-carrying liposomes to the cell surface.”” The
incorporation of phenylboronic acid linked phospho-lipids into liposomes allows for the
encapsulation of a reporter agent or therapeutic. The free boronic acid on the liposome surface
initiates cell-surface recognition. These investigators hoped to target the glycocalyx of red blood
cells, where enhanced interactions with the cell surface would lead to a lipid fusion event that
delivers fluorogenic or therapeutic cargo. Although this fusion strategy worked in vitro between

two liposomal carriers,”®”’

these experiments failed to produce viable therapeutic delivery in
cellulo. Even though high-affinity binding was observed between the liposome and cell surface,

the liposomal carrier was positioned too far from the surface for a fusion event to occur.”
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Currently, a similar strategy that uses a specialized boronic acid known as benzoxaborole
(1.8) is being explored. This type of boronic acid was first described by Torssell in 1957 and
then characterized further by Hall and coworkers in the mid-2000’s and found to have higher
affinity for the non-reducing saccharides prevalent in the glycocalyx.”®'® This enhanced affinity
is believed to be due in part to the intramolecular 5-membered ring, which both depresses the
pK. of the boronic acid to 7.4 and also pre-organizes the tetravalent form of the boronic acid.”®

Raines and co-workers have exploited this enhanced affinity for non-reducing glycosides
and have shown that boronic acid 1.8 conjugated to the surface of RNase A enhanced cellular
uptake.” Aida and co-workers also showed that boronic acid 1.8 can be incorporated into larger
nanocarrier systems for efficient delivery.”” In chapter two, I describe an expansion on this
strategy to develop a discreet and modular boronic acid for the traceless delivery of protein into

cells.

1.6 Outlook for boronic acid-mediated delivery

Boronic acids compose a very unique functional group that has been shown to have
important roles in a variety of biomedical applications. Boronic acids have been utilized as
transport agents for small organic molecules as well as important structural components in
therapeutic nanocarrier systems. In addition, specialized boronic acids are currently being
developed for improved recognition of complex carbohydrates and biomarkers present within the
glycocalyx, 2324100101
Researchers are utilizing multidentate boronic acids on peptide or polymeric backbones

to achieve unprecedented selectivity not only for monosaccharides, but also for bi- and tri-

saccharides. This new class of boronates, known as borolectins, are being optimized for
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enhanced affinity for antigens associated with cancer such as sialic acid,'” Lewis X,'” and

104,105 It is

Thomsen-Friedenrich (TF) antigen. not hard to imagine that the next generation of

protein delivery strategies will incorporate borolectins for improved cell-type specificity.

1.7 Boronic acid as a chemoselective trigger

The potential of boronic acid in biomedical research is only just being realized. In addition
to forming stable and reversible complexes with biologic polyols, boronic acids are also known
to be oxidized chemoselectively by the reactive oxygen specie (ROS) hydrogen peroxide
(H,0,)."%!7 This mechanism, known as “hydroboration oxidation”, has also been well
developed as a stimuli-responsive trigger for sensing and drug release applications.

ROS, including H,O,, are important biomolecules utilized by the cell for both protection
and communication.'®'"” Endogenous antioxidant enzymes such as the peroxiredoxin class of
enzymes, are important regulators of intercellular ROS concentrations.'”” An accumulation of
ROS leads to conditions of oxidative stress that can be deleterious to cellular function.'”’
Oxidative stress is associated with many different disease states including cancer,'*®'”
neurodegenerative disorders,''® diabetisis,''" and inflammation,''! as well as physical trauma.'"?
Because of the potential causative role of ROS in many different disease conditions, significant
research has been conducted to develop selective probes for ROS.'” This strategy has also been
adopted for prodrug activation.'* """’

In chapter 3, I describe our design of a new type of biologic prodrug that exploits the

chemoselectivity of boronic acid for H,O,. We have developed a boronic acid—angiogenin

conjugate for the selective neuroprotection of astroglial cells under disease conditions. This



14

strategy could be geared to the targeted treatment of neurodegenerative diseases such as

amyotrophic lateral sclerosis (ALS).

1.8 Small-molecule boronic acid-based therapeutics

There is no shortage of small-molecule boronic acids that have been designed for
therapeutic proposes. In fact, new molecules that contain boronic acid functional groups with
therapeutic potential are published on almost a weekly basis. Currently there are two boronic
acid based drugs that have been approved by the FDA (Figure 1.2).

Boronic acids have been known for a long time to act as transition state mimics of
hydrolytic enzymes, particularly of serine proteases.”>**''® Arguably, the most famous boronic
acid therapeutic is the dipeptide proteasome inhibitor bortezomib (Velcade®) (1.9).'"
Bortezomid is the first boronic acid proteasome inhibitor to be approved by the FDA and is
currently used to treat multiple myeloma.'*® Recently, the FDA also approved the anti-fungal
AN2690 (Kerydin®) (1.10), and there are additional compounds in clinical trials for the treatment
of psoriasis as well as African sleeping sickness.”” There are currently small-molecule boronic

27, 28,120,121

acids being developed as anti-bacterial, anti-viral, and anti-cancer agents as well as

inhibitors of P-lactamase that could combat bacterial resistance to P-lactam drugs such as
penicillin.'?*'%

In chapter 4, I describe the synthesis and characterization of a small library of boronic
acid-functionalized stilbenes for the treatment of transthyretin amyloidosis. Unlike many of the
current examples of boronic acid therapeutics that target activated residues within a catalytic

active site, we instead target serine residues in a non-catalytic binding site in order to engender

enhanced protein stability. This work offers a new perspective in the design of small-molecule
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boronic acid-based therapies.

The potential biomedical applications of boronic acids are broad. In chapter 5, I discuss
some future directions associated with a few of the developments described above. In addition,
much of how boronic acid behaves in vivo is relatively unknown. I propose a couple of
experiments, which may help further describe the pharmacokinetic attributes of boronic acid

such as distribution and metabolism.
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Scheme 1.1 Boronic acid equilibrium with polyols is a complex process dependent on factors
including the pK, values of the boronic acid and the diol as well as the pH of the solution.
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Scheme 1.2 Proposed mechanism of boronic acid-mediated transport of insoluble molecules via
boradeption.
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Scheme 1.3 Proposed mechanisms of boronic acid mediated transport across bulk liquid
membranes. (A) At pH lower than the pK, of the boronic acid, the neutral trivalent boronate will
transport a diol-containing molecule. (B) At higher pH, the tetravalent boronate with the aid of a
lipophilic cation will transport a diol-containing molecule.
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Figure 1.1 Boronic acids for the transport of biomolecules across artificial and natural
membranes.
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Figure 1.2 FDA approved boronic acid therapeutics, bortezomib (Velcade®) (1.9) and AN2690
(Kerydin®) (1.10).
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Boronic acid for the traceless delivery of proteins into cells*

2.1 Abstract

The use of exogenous proteins as intracellular probes and therapeutic agents is in its infancy. A
major hurdle has been the delivery of native proteins to an intracellular site of action. Herein, we
report on a compact delivery vehicle that employs the intrinsic affinity of boronic acids for the
carbohydrates that coat the surface of mammalian cells. In the vehicle, benzoxaborole is linked
to protein amino groups via a “trimethyl lock”. Immolation of this linker is triggered by cellular
esterases, releasing native protein. Efficacy is demonstrated by enhanced delivery of green
fluorescent protein and a cytotoxic ribonuclease into mammalian cells. This versatile strategy

provides new opportunities in chemical biology and pharmacology.

2.2 Author Contributions

K.A.A., T.P.S., and R.T.R. conceived the project and designed the experiments. T.P.S. designed,
synthesized, and characterized the organic compounds and protein conjugates. K.A.A. designed
and performed the in cellulo assays and confocal microscopy. J.E.L. provided protein substrate.

K.A.A., T.P.S., and R.T.R. analyzed data and wrote the manuscript.
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*This chapter has been published, in part, under the same title. Reference:

Andersen, K. A.; Smith, T. P.; Lomax, J. E.; Raines, R. T. ACS Chemical Biology 2016, 11, 319—
323.

Highlighted in ACS Chemical Research in Toxicology (February 28, 2016).

ACS Chemical Research in Toxicology 2016, 29, 134—135.



29

2.3 Introduction
The delivery of proteins and other macromolecules to an intracellular site is made difficult by

cellular membranes.”” Extensive efforts have led to the development of effective delivery

36,124-127 8

systems that invoke cell-penetrating peptides, antibodies,'”® ligands for natural

2 133,134

receptors,'*’ dendrimers,” functionalized polymers,**"*' liposomes,'** or nanoparticles,

and even enable targeting to sub-cellular organelles."”>'*® Nonetheless, extant strategies often

87,88,93,130 137,138

inflict proteins with low biological activity, instability in a physiological context,

139149 or employ vehicles that are recalcitrant to biodegradation.**

or immunogenicity in vivo,

Boronic acids are physiologically benign Lewis acids that react spontaneously and
reversibly with 1,2- and 1,3-diols to form five- and six-membered cyclic boronic esters,
respectively.™'*' The dynamic covalent bonding of boronic acids/esters can facilitate the delivery
of cargo into cells, which are coated with a diol-rich glycocalyx. To exploit that attribute,
polymers, nanoparticles, and noncovalent assemblies have been decorated with phenylboronic
acid and other arylboronic acids.21.27

Recently, we showed that boronic acids can be advantageous when conjugated directly to
a protein.”” The ensuing formation of transient boronate esters with the glycocalyx enhances
cellular delivery. To date, this approach has relied on the irreversible modification of a target
protein, with ensuing compromises. For example, our previous work installed boronic acids by
the irreversible amidation of enzymic carboxyl groups, which led to the loss of 83% of catalytic
activity.” An ideal delivery system based on boronic acids (or, indeed, any moiety) conveys
native cargo, and is thus “traceless”.

We sought to use a boronic acid and an immolative linker to promote the delivery of

native proteins into a cell. As a boronic acid, we chose 2-hydroxymethylphenylboronic acid
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(benzoxaborole), which has higher affinity than does phenylboronic acid for the
glycopyranosides that are abundant in the glycocalyx.”””**® As an immolative linker, we chose
the o-hydroxydihydrocinnamic acid derivative known as the trimethyl lock (TML). After being
triggered, the TML exhibits extremely high lactonization rates to release a cargo of interest
(Scheme 2.1)."**'*® The TML has been used for a wide variety of applications in chemistry and
pharmacology,'*’ but not as an immolative linker on a protein. We chose ester hydrolysis as the
means to trigger lactonization of the TML, as esterases are abundant inside, but not outside, of

human cells'*®1%°

and underlie the action of numerous prodrugs.””’ We equipped our TML
scaffold with an N-hydroxysuccinimide ester for chemoselective conjugation to amino groups,™
such as those at the N terminus and on the side chain of lysine residues, which have a ~6%

abundance in proteins.'>® Thus, our delivery vehicle (B-TML-NHS ester) has three modules:

benzoxaborole, an esterase-activated TML linker, and an NHS ester (Figure 2.1a).

2.4 Results and Discussion

We synthesized B-TML-NHS ester convergently in 10 steps by extending a known
procedure.'”® Then, we characterized its ability to enhance the cellular internalization of green
fluorescent protein (GFP) (Scheme 2.2), which has distinctive fluorescence and an inability to
enter mammalian cells.'”* Overnight incubation at ambient temperature with 100-fold excess of
B-TML-NHS ester in 3:1 PBS/acetonitrile yielded 3 + 1 labels per protein (Figures 2.1b and
Figure 2.2). The number of labels in the B-TML—GFP conjugate did not decrease after a month
of storage in PBS (Figure 2.3), consistent with the stability observed for other TML
conjugates.'>> "7 Labeling was, however, “bioreversible”. Incubation with a lysate from Chinese

hamster ovary (CHO) K1 cells removed all of the labels from B-TML-GFP (Figure 2.1b).
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Next, we compared the uptake of B-TML-GFP and unlabeled GFP by CHO K1 cells.
After a 4-h incubation, we observed a dramatic increase in the cellular uptake of B-TML-GFP
(Figure 2.1c). The fluorescence in microscopy images was largely punctate, suggesting that
B-TML-GFP was taken up via an endosomal pathway (Figure 2.1d). Co-localization of this
bright punctate staining with a stain for transferrin was consistent with this conclusion (Figure
2.4). After a 24-h incubation, the fluorescence intensity had increased significantly beyond the
level measured at 4 h, indicating that the conjugate was stable in the presence of serum, which
was a component of the cell-culture medium (Figure 2.5).

To confirm that the boronic acid moiety was responsible for the difference in cellular
entry, we performed two control experiments. First, we modified GFP with a vehicle (Ac-TML—
NHS ester) that lacks the benzoxaborole functionality (Figure 2.1a), yielding a level of labeling
similar to that from B-TML-NHS ester (Figure 2.2¢). When incubated with cells for 4 h, Ac-
TML—-GFP was taken up comparably to unlabeled GFP rather than to B-TML-GFP (Figures 2.1c
and 2.1d). These data indicate that the enhanced delivery upon treatment with B-TML-NHS
ester is not due to the mere modification of lysine residues or to interactions with the TML
portion of B-TML. Next, we repeated the cellular uptake experiments with B-TML—-GFP in the
presence of fructose, which has a K, of 336 M™' for benzoxaborole.” We observed a significant
decrease in GFP uptake in the presence of fructose, apparent with both confocal microscopy and
flow cytometry (Figures 2.6a and 2.6b). Again, these data indict the boronic acid portion of B-
TML-GFP as being responsible for cellular uptake.

Finally, we sought to test the efficacy of B-TML as a delivery vehicle to the cytosol. To
do so, we employed an enzymic cytotoxin—the G88R variant of ribonuclease A, which must

reach cytosolic RNA to manifest its toxic activity.'”®'> After labeling the ribonuclease by the
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same procedure used to label GFP, we observed an average of 1.6 = 0.7 labels per molecule of
protein (Figure 2.7). This lower labeling is consistent with GFP (19 lysine residues) having more
amino groups than does the ribonuclease (12 lysine residues). Again, we found that the labeling
was bioreversible, as incubation with a CHO K1 cell lysate removed all of the labels (Figure
2.8). Finally, we assayed the ability of B-TML-ribonuclease and unlabeled ribonuclease to
inhibit the proliferation of K-562 cells, which are derived from a human myelogenous leukemia
line. We found that the pendant boronic acids resulted in a decrease in the 1Csy value (Figure

2.9), indicative of more cytotoxin reaching the cytosol.

2.5 Conclusions

We conclude that covalent modification of proteins with B-TML-NHS ester can increase
their ability to enter mammalian cells. Importantly, this modification is bioreversible. The
irreversible modification of a protein can compromise its utility.****1%137140 1 contrast,
endogenous cellular enzymes revert modification with B-TML.

The bioreversibility of our delivery vehicle provides new opportunities. The sulthydryl
groups of cysteine residues have long been used for this purpose because their mixed disulfides
suffer reduction within the cytosol.'®*'®! Recently, we found that appropriately tuned diazo
compounds can esterify protein carboxyl groups, providing a second type of bioreversible
modification.'®'® In this work, we report on a bioreversible modification of protein amino

7276164 in its being removable by an enzyme-catalyzed

groups that is distinct from others
reaction. With its traceless utility in promoting cellular uptake, B-TML-NHS ester provides new

opportunities in chemical biology and pharmacology.
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2.7 Materials and Methods

2.7.1 General Information

All chemicals were from Sigma—Aldrich (Milwaukee, WI) and were used without further
purification. All glassware was flame-dried, and all reactions were performed under an
atmosphere of Nj(g). Reagent grade solvents, i.e., dichloromethane (DCM), tetrahydrofuran
(THF), triethylamine (TEA), and dimethylformamide (DMF), were dried over a column of
alumina and were accessed under an atmosphere of N, (g). The removal of solvents “under
reduced pressure” refers to the use of a rotary evaporator with water-aspirator pressure (<20 torr)
and a water bath of <40 °C. Column chromatography was performed with Silicycle 40—63 A
silica (230—400 mesh); thin-layer chromatography (TLC) was performed with EMD 250-pum
silica gel 60-F254 plates. PBS contained Na,HPOs (10 mM), KH,PO4 (1.8 mM), NacCl
(137 mM), and KCI (2.7 mM) at pH 7.3. All procedures were performed at room temperature

(~22 °C) unless noted otherwise.
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'H and ">C NMR spectra were acquired at ambient temperature with a Bruker Avance III
5001 spectrometer at the National Magnetic Resonance Facility at Madison (NMRFAM) and
referenced to residual protic solvent. Electrospray ionization (ESI) mass spectrometry of small
molecules was performed with a Micromass LCT in the Mass Spectrometry Facility in the
Department of Chemistry at the University of Wisconsin—Madison. Matrix-assisted laser
desorption ionization—time-of-flight (MALDI-TOF) mass spectrometry of proteins was
performed with a Voyager DE-Pro instrument at the Biophysics Instrumentation Facility at the
University of Wisconsin—Madison. Absorbance measurements were made with an infinite
M1000 plate reader from Tecan (Méannedorf, Switzerland). Confocal microscopy was performed
with an Eclipse TE2000-U laser scanning confocal microscope from Nikon (Tokyo, Japan),
equipped with an AxioCam digital camera from Zeiss (Jena, Germany). Flow cytometry was
performed at the University of Wisconsin—Madison Carbone Cancer Center Flow Cytometry
Facility with a FACS Calibur instrument from BD Biosciences (San Jose, CA). Cytometry data
were analyzed by using the program FlowJo 8.7 from Treestar (Ashland, Oregon). Calculations

were performed with Prism version 6 software from GraphPad Software (La Jolla, CA).
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2.7.2 Chemical Synthesis

i
O
OH
CH3SO3, 70 OC (@)
quant.

2.1

3,5-Dimethylphenol (5.0 g, 40.9 mmol) was dissolved in methanesulfonic acid (10 mL).
Methyl-3,3-dimethylacrylate (5.61 g, 49.1 mmol) was added, and the resulting solution was
heated to 70 °C for 24 h. The reaction mixture was then allowed to cool to room temperature and
poured into separating funnel with 250 mL of water. The mixture was then extracted with ethyl
acetate (3 x 100 mL). The organic layer was washed with saturated aqueous NaHCO; followed
by brine. The organic layers were combined and dried over NaSQOu(s). The solvent was removed
under reduced pressure and the crude product was purified by chromatography on a column of

silica gel (2:8 EtOAc/hexanes) to afford 2.1 as an off-white solid (7.6 g, 92%).

"H NMR (500 MHz, CDCl, d): 1.45 (s, 6H), 2.27 (s, 3H), 2.46 (s, 3H), 2.60 (s, 2H), 6.83 (d, J
= 6.86 Hz, 1H), 6.99 (d, J = 6.85 Hz, 1H); *C NMR (125 MHz, CDCL;, d): 16.28, 23.10,
27.63, 35.35, 45.61, 124.56, 127.98, 129.10, 129.49, 133.54, 149.75, 168.43; HRMS (ESI)

calculated for [C13H1602]+ (M+NH4)+ requires m/z 222.1489; found m/z 222.1486
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OH

o LiAlH,, THF, 0 °C
80% OH

2.1 2.2

Compound 2.1 (3.5 g, 17.1 mmol) was dissolved in anhydrous THF (20 mL). The
resulting solution was added dropwise to a suspension of LiAlHs (0.971 g, 25.6 mmol) in
anhydrous THF (170 mL) that had been cooled to 0 °C. The reaction mixture was allowed to
warm to room temperature and stirred overnight. The reaction was quenched by the slow
addition of ethyl acetate (20 mL) followed by the slow addition of water (20 mL). The mixture
was filtered to remove the aluminum salts, and the filtrate was dried over NaSOu(s). The solvent
was removed under reduced pressure, and the crude product was purified by chromatography on
a column of silica gel (4:6 EtOAc/hexanes) to afford compound 2.2 as a colorless oil (2.8 g,

80%).

"H NMR (500 MHz, CDCls, d): 1.45 (s, 6H), 2.18 (s, 3H), 2.22 (t, J = 7.12 Hz, 2 H), 2.48 (s,
3H), 3.59 (t,J = 7.11 Hz, 2H), 5.31 (s, 1H), 6.59 (d, J = 7.60 Hz, 1H), 6.86 (d, J = 7.58 Hz, 1H);
BC NMR (125 MHz, CDCl, d): 16.24, 25.69, 32.06, 39.90, 44.93, 61.36, 121.82, 125.57,
127.98, 131.55, 135.88, 153.54; HRMS (ESI) calculated for [C13H2002]+ (M“) requires m/z

208.1458; found m/z 208.1453



37

OH TBDMSICI OH !
oy _THF o Si<
73%
2.2 2.3

Compound 2.2 (2.5 g, 12 mmol) and tert-butyl dimethylchlorosilane (3.6 g, 24 mmol)
were dissolved in DCM (120 mL). Triethylamine (5 mL, 36 mmol) was then added, and the
reaction mixture was allowed to stir overnight. The solvent was removed under reduced pressure,
and the crude product was purified by chromatography on a column of silica gel (2:8

EtOAc/hexanes) to afford compound 2.3 as a white solid (2.8 g, 73%).

"H NMR (500 MHz, CDCl;, ): 0.03 (s, 6H), 0.89 (s, 9H), 1.59 (s, 6H), 2.15 (t, J = 6.76 Hz,
2H), 2.21 (s, 3H), 2.48 (s, 3H), 3.61 (t, J= 6.77 Hz, 2H), 5.82 (s, 1H), 6.60 (d, J = 7.63 Hz, 1H),
6.88 (d, J = 7.57 Hz, 1H); *C NMR (125 MHz, CDCl,, 8): 5.41, 16.43, 18.30, 25.62, 25.92,
32.27, 39.68, 44.91, 61.75, 122.88, 125.17, 127.79, 132.07, 135.53, 153.87; HRMS (ESI)

calculated for [C19H34028i]+ (M+H+) requires m/z 323.2401; found m/z 323.2394
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0 o
OH Boc-B-Ala, EDC ﬁ\OJLN/\)kO
! DMAP, DCM N | J<
oSN > siT
65% o

23 2.4

Boc-protected B-alanine (1.75 g, 9.3 mmol), EDC (2.3 g, 18.6 mmol), and DMAP (2.28
g, 18.6 mmol) were added to a flame-dried 250-mL round-bottom flask. The flask was evacuated
and flushed with N»(g), and DCM (42 mL) was added. Compound 2.3 (2.0 g, 6.2 mmol) was
dissolved in dry DCM (20 mL), and the resulting solution was added drop-wise. The reaction
mixture was allowed to stir overnight. The reaction mixture was diluted with 10% w/v aqueous
NaHCOj3 and then washed with 1 N HCI. The solution was dried over NaSQOu(s), and solvent was
removed under reduced pressure. The crude product was purified by chromatography on a

column of silica gel (1:9 EtOAc/hexanes) to afford compound 2.4 as a white solid (1.98 g, 65%).

'H NMR (500 MHz, CDCl,, 6): 0.03 (s, 6H), 0.84 (s, 9H), 1.49-1.44 (m, 18H) 2.02 (s, 3H),
2.09-2.08 (m, 2H), 2.53 (s, 3H); 3.48-3.44 (m, 4H), 5.15-5.12 (bs, 1H), 6.92 (d, J = 7.71 Hz,
1H), 6.96 (d, J = 7.64 Hz, 1H); *C NMR (125 MHz, CDCl;, 8): 5.36, 17.21, 18.24, 25.26,
25.92, 28.38, 31.88, 34.87, 35.94, 39.40, 46.06, 60.72, 79.39, 128.46, 128.95, 131.26, 136.34,
137.29, 148.57, 155.85, 171.28; HRMS (ESI) calculated for [C2;H4NOsSi]™ (M+H") requires

m/z =494.3297; found m/z = 494.3294
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>|\ O O ﬁ\ o] 0
oAl | A~ A,
H si AcOH, THF/H,0 H
o~ OH
quant.
2.4 25

Compound 2.4 (1.5 g, 3.0 mmol) was dissolved in a mixture of THF (6 mL), H,O (6 mL),
and concentrated glacial acetic acid (18 mL). The reaction mixture was stirred and reaction
progress was monitored with TLC. After 2 h, solvent was removed under reduced pressure, and
the crude product was purified by passage through a short (2-in) plug of silica gel (2:8

EtOAc/hexanes) to afford compound 2.5 as a colorless oil (1.34 g, quant).

"H NMR (500 MHz, CDCl;, 8): 1.43 (s, 9H), 1.46 (s, 3H), 1.51 (s, 3H), 1.93-1.89 (m, 2H), 2.02
(s, 3H), 2.53 (s, 3H), 2.84-2.82 (m, 2H) 3.57-3.45 (m, 4H), 5.20 (bs, 1H), 6.92-6.91 (d, J = 7.70
Hz, 1H), 6.97-6.95 (d, J = 7.73 Hz, 1H); *C NMR (125 MHz, CDCl;, d): 17.22, 25.39, 28.41,
32.20, 34.94, 35.93, 39.50, 45.77, 60.38, 79.54, 128.65, 129.14, 131.43, 136.47, 137.09, 148.58,
155.86, 171.78; HRMS (ESI) calculated for [C21H33N05]+ (M+H+) requires m/z 380.2432; found

m/z 380.2437
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N Pee, DOM_
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2.5 2.6

A solution of compound 2.5 (1.0 g, 2.6 mmol) in anhydrous DCM (5 mL) was added
slowly to a suspension of PCC (2.2 g, 10.4 mmol) in DCM (21 mL), and the reaction mixture
was allowed to stir overnight. The reaction mixture was then filtered, and solvent was removed
under reduced pressure. The crude product was purified by chromatography on a column of

silica gel (4:6 EtOAc/hexanes) to afford compound 2.6 as a clear oil (0.83 g, 85%).

"H NMR (500 MHz, CDCl;, 9): 1.52-1.44 (s, 16H), 2.04 (s, 3H), 2.55 (s, 3H), 2.93-2.55 (m,
4H), 3.51-3.48 (s, 2H), 5.08 (t, J = 6.40 Hz, 1H), 6.97 (d, J = 7.72 Hz, 1H), 7.02 (d, J = 7.73
Hz, 1H), 9.51 (t, J = 2.63 Hz, 1H); *C NMR (125 MHz, CDCl;, 6): 17.18, 25.35, 28.37, 34.88,
35.90, 38.42, 56.70, 79.50, 129.23, 129.42, 131.70, 135.78, 135.91, 148.21, 155.80, 171.20,
202.81; HRMS (ESI) calculated for [C21H31NO5]+ (M+H+) requires m/z 378.2275; found m/z

378.2280
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2.6 2.7

Compound 2.6 (0.8 g, 2.1 mmol) and NaH,PO4 (0.26 g, 1.59 mmol) were dissolved in
CH3CN (10 mL), and the resulting solution was cooled to —10 °C. A solution of 80% w/v sodium
chlorite (0.6 g, 6.3 mmol) in water (10 mL) was added dropwise. The reaction mixture was
stirred for 1 h at —10 °C and then allowed to warm to room temperature. Saturated sodium sulfite
solution (2 mL) was added, and the reaction mixture was acidified to pH 2.0 with 1 N HCI
followed by extraction with ethyl acetate (3 X 15 mL). The organic layer was washed with brine
and then dried over NaSQOu(s). The solvent was removed under reduced pressure, and the crude
product was purified by chromatography on a column of silica gel (5-10% v/v MeOH/DCM) to

afford compound 2.7 as a clear oil (0.61 g, 73%)

"H NMR (500 MHz, CDCl,, d): 1.43 (s, 9H), 1.54 (s, 3H), 1.63 (s, 3H), 2.02 (s, 3H), 2.55 (s,
3H), 2.85-2.74 (m, 4H), 3.48 (s, 2H), 5.16 (t, J = 6.14 Hz, 1H), 6.93 (d, J = 7.76 Hz, 1H), 6.98,
(d, J = 7.78 Hz, 1H); *C NMR (125 MHz, CDCl,, 8): 17.19, 25.23, 28.36, 31.23, 31.55, 34.87,
35.92, 39.00, 47.48, 79.50, 128.82, 131.44, 136.04, 136.69, 148.26, 155.89, 171.27, 175.98;

HRMS (ESI) calculated for [C21H31N06]+ (M+H+) requires m/z 394.2225; tound m/z 394.2219
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N HCl/dioxane  HCI-H,N o)
_—

2.7 2.8

Compound 2.7 (0.5 g, 1.2 mmol) was dissolved in a solution of 4 M HCI in dioxane (8.4
mL) and allowed to stir for 1 h. N»(g) was then bubbled though the solution for 15 min to remove
excess HCI, and solvent was removed under reduced pressure. Diethyl ether was added to

precipitate compound 2.8 as its HCI salt (0.4 g; quant).

"H NMR (500 MHz, CD;0D, 6): 1.54 (s, 6H), 2.18 (s, 3H), 2.53 (s, 3H), 2.77 (s, 2H), 2.99—
3.01 (t, J = 6.52 Hz, 2H), 3.25-3.28 (m, 6H), 6.65 (s, 1H), 6.83 (s, 1H); *C NMR (125 MHz,
CD;O0D, 9): 20.22, 25.50, 32.09, 33.08, 36.21, 39.80, 124.01, 133.41, 134.86, 137.33, 139.54,
150.55, 171.46, 175.54; HRMS (ESI) calculated for [C16H24NO4]+ (M—Cl)+ requires m/z

294.1779; found m/z 294.1793
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5-Amino-2-hydroxymethylphenylboronic acid (0.200 g, 1.07 mmol) was dissolved in
10.4 mL of dry acetonitrile. N,N-Disuccinimidyl carbonate (0.303 g, 1.18 mmol) was then added
to the solution, followed by the dropwise addition of DIEA (0.20 mL, 2.14 mmol). The reaction
mixture was allowed to stir overnight. The reaction mixture was then filtered to remove the
insoluble N-hydroxysuccinimide (NHS) byproduct. The solvent from the filtrate was removed
under reduced pressure to give the crude product as a yellow solid. The crude solid was
dissolved in chloroform and cooled to —20 °C in the freezer for 1 h. The solution was filtered,
and solvent was removed under reduced pressure to give compound 2.9 as a light yellow solid.
Compound 2.9 was used in the next step without further purification.

Compound 2.8 (0.080 g, 0.244 mmol) was dissolved in dry THF (2.4 mL). Compound
2.9 (0.078 g, 0.268 mmol) was then added to the solution, followed by the dropwise addition of
DIEA (0.06 mL, 0.73 mmol). The reaction mixture was allowed to stir overnight. The reaction
mixture was then filtered, and solvent was removed under reduced pressure. The crude product
was purified by chromatography on a column of silica gel (3—5% v/v MeOH:DCM) to afford

compound 2.10 as a white solid (0.083 g, 73%)).

"H NMR (500 MHz, CD;0D, 5): 1.56 (s, 3H), 2.20 (s, 3H), 2.55 (s, 3H), 2.80 (s, 2H), 2.87—

2.85 (t, J = 6.16 Hz, 2H), 3.60-3.67 (t, J = 6.18 Hz, 2H), 5.03 (s, 2H), 6.63 (s, 2H), 6.68 (s, 1H),
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7.28-7.29 (d, J = 8.22 Hz, 1H), 7.50-7.52 (d, J = 8.24 Hz, 1H), 7.62 (s, 1H); *C NMR (125
MHz, CD;OD, 9): 18.66, 24.00, 24.73, 30.45, 35.16, 38.22, 70.56, 119.96, 120.95, 122.28,
122.62, 131.62, 133.49, 135.96, 137.84, 138.42, 147.83, 149.29, 156.70, 171.60, 173.36, 174.05;
note: the signal for the carbon attached to boron was not observable due to quadrupolar
relaxation, HRMS (ESI) calculated for the methyl boronic ester [C25H31“BN207]+ (MJrH)+

requires m/z 483.2298; found m/z 483.2308
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Compound 2.10 (0.068 g, 0.129 mmol) was dissolved in dry DCM (1.3 mL). The reaction
mixture was then cooled to 0 °C and DCC (0.032 g, 0.155 mmol) followed by N-
hydroxysuccinimide (0.016 g, 0.142 mmol) were added. The reaction mixture was allowed to
warm to room temperature and stir over night. The reaction mixture was then cooled to 0 °C and
the solid was removed by filtration. The solvent was removed under reduced pressure, and the
resulting reside and dissolved in ethyl acetate and chilled to —20 °C in a freezer for 3 h. The
solids were removed by filtration, and the filtrate was extracted with water to remove any
residual urea byproduct. The organic layers were combined, and the solvent was removed under

reduced pressure to afford the compound 2.11 as a white solid (0.012 g, 20%).

"H NMR (500 MHz, CD;0D, ¢): 1.61 (s, 6H), 2.20 (s, 3H), 2.55 (s, 3H), 2.75 (s, 4H), 2.93—
2.90 (t,J =5.76 Hz, 2H), 3.15 (s, 2H), 3.61-3.58 (t, /= 6.74 Hz, 2H), 5.03 (s, 2H), 6.66 (s, 1H),
6.84 (s, 1H), 7.28-7.29 (d, J = 8.21 Hz, 1H), 7.51-7.49 (d, J = 8.19 Hz, 1H), 7.61 (s, 1H); *C
NMR (125 MHz, CD3;0D, 9): 20.24, 25.50, 26.45, 31.56, 36.54, 36.72, 40.04, 45.15, 72.11,
121.51, 122.51, 123.84, 124.29, 133.32m 133.95, 137.71, 139.17, 139.99, 149.38, 150.86,
158.22, 168.16, 171.79, 173.13; note: the signal for the carbon attached to boron was not
observable due to quadrupolar relaxation; HRMS (ESI) calculated for the methyl boronic ester

[CaoH34'"BN306]" (M+Na) " requires m/z 602.2286; found m/z 602.2290
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2.7.3 Cell Culture

Cell lines were obtained from American Type Culture Collection (Manassas, VA) and
were maintained according to the recommended procedures. Medium and added components
were the Gibco®™ brand from Thermo Fisher Scientific (Waltham, MA). Cells were grown in flat-
bottomed culture flasks in a cell-culture incubator at 37 °C under CO, (g) (5% v/v). Chinese
hamster ovary (CHO K1) cells were grown in F12K nutrient medium and K562 cells were grown
in RPMI 1640 medium, both supplemented with fetal bovine serum (FBS) (10% v/v), penicillin
(100 units/mL), and streptomycin (100 pug/mL). Cells were counted with a hemocytometer to
determine the seeding density in 12-well plates from Corning Costar (Lowell, MA) or
microscopy dishes from Ibidi (Madison, WI). All flow cytometry and confocal microscopy was

performed with live cells, incubated on ice at the time of analysis.

2.7.4 Labeling of GFP

2.7.4.1 Preparation of Green Fluorescent Protein (GFP)

The gene encoding the eGFP variant GFP was inserted into the pET22b vector
(Novagen), along with an N-terminal Hise¢ tag followed by a spacer region and a TEV protease
recognition sequence. The GFP gene was modified with the following 17 substitutions to
generate a “superfolding” variant that folds readily when produced in Escherichia coli: F64L,
S65T, F99S, M153T, V163A, S30R, Y145F, 1171V, A106V, Y391, N105K, E111V, 1128T,
K166T, 1167V, S205T, L221H, F223Y, T225N."'%’ The vector also contained a T7 promoter
and ampicillin resistance gene.

The expression vector was transformed into electrocompetent BL21(DE3) E. coli cells

from New England Biolabs (Ipswich, MA), then plated on LB agar containing ampicillin
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(200 pg/mL). On the following day, a single colony was used to inoculate 50 mL of LB medium,
and the resulting culture was grown overnight at 37 °C in a shaking incubator. On the following
day, 10 mL of starter culture was used to inoculate 1.00 L of Terrific Broth medium from
Research Products International (Mt. Prospect, IL) in a 3.8-L glass flask with ampicillin at a final
concentration of 200 ug/mL. Flasks were shaken at 200 rpm at 37 °C in a shaking incubator until
cells reached log phase (OD 0.6-0.8 at 600 nm). The production of GFP was induced by adding
IPTG to a final concentration of 1 mM, and cells were grown overnight at 37 °C in a shaking
incubator.

Cells were harvested by centrifugation for 20 min at 5,000 rpm at 4 °C. Cell pellets,
which were bright yellow in color, were collected and resuspended in 15 mL of lysis buffer per 2
L of liquid growth, which was 50 mM Tris—HCI buffer, pH 7.0, containing NaCl (100 mM) and
imidazole (30 mM). Cell pellets were vortexed and stored frozen at —20 °C overnight.

Cells were lysed with a TS Series cell disrupter from Constant Systems (Kennesaw, GA),
and the lysate was subjected to centrifugation immediately for 1 h at 11,000 rpm at 4 °C. The
supernatant was filtered through 5-uM syringe filters from EMD Millipore (Billerica, MA) and
solid, pelleted material was discarded. Filtered cell lysates were purified by chromatography on
Ni—NTA resin from GE Healthcare (Little Chalfont, UK) and eluted using a linear gradient of
imidazole. The binding and wash buffer was 30 mM sodium phosphate buffer, pH 7.4,
containing NaCl (0.50 M) and imidazole (20 mM). The elution buffer was 30 mM sodium
phosphate buffer, pH 7.4, containing NaCl (0.50 M) and imidazole (0.50 M). Eluted fractions
were collected, pooled, and dialyzed against 4 L of 20 mM Tris—HCI buffer, pH 7.0, containing

EDTA (I mM).
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The dialyzed solution was purified again using anion-exchange chromatography on a
hiTrap Q column from GE Healthcare. The protein was eluted by using a linear gradient of NaCl
(0-1.00 M) in 20 mM Tris—HCI bufter, pH 7.0, containing EDTA (1.0 mM). Upon elution,
colored fractions were pooled and concentrated (if necessary). The overall yield of GFP was

~120 mg per L of culture.

2.7.4.2 Labeling of GFP with TMLB-NHS Ester

TMLB-NHS ester (2.2 mg, 4 umol, 100 equiv) was added to a 150-uL solution of GFP
(300 uM, 0.04 umol) in PBS. The vial was placed on a nutator in foil overnight at room
temperature. The solution was transferred to 10,000 MWCO dialysis tubing and dialyzed twice
against 4 L of PBS for 4 h at 4 °C. The extent of labeling was characterized by MALDI-TOF
mass spectrometry. To determine the extent of labeling, the average mass of labeled protein was
taken as a weighted average for all events within the defined peak range on the background-
corrected MALDI-TOF spectra. The molecular weight of non-labeled protein was then
subtracted from the given value to give the average total mass of all labels. This value was then
divided by the molecular weight of the modifying small molecule minus the mass of
N-hydroxysuccinimide (565.38 Da — 115.09 Da = 450.29 Da), which was lost during
conjugation, to give the average number of labels per molecule of protein. On average we
determined there to be approximately 3 + 1 labels per GFP. The labeled protein is referred to as
TMLB-GFP. An identical procedure was used with non-boronated TML (TMLOAC)
commercially available from sigma Aldrich (Milwaukee, WI) in which the phenolic oxygen is

protected as acetate. The TMLOAc—GFP was also decorated with 3 + 1 labels.
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2.7.4.3 Hydrolysis of labeled GFP by CHO K1 cell lysate

CHO K1 cells were grown to confluence in a 10-cm?” dish before their collection and lysis
with M-PER (Thermo Fisher Scientific). The presence of esterase activity in the lysate was
verified by a colorimetric assay using p-nitrophenyl acetate. A solution of TMLB—GFP (10 pg)
was added to 200 pL. of CHO K1 cell lysate, and the reaction mixture was nutated at ambient
temperature for 12 h. The GFP was subsequently purified with HisPur™ Ni-NTA Magnetic
Beads (Thermo Fisher Scientific). The regeneration of native GFP was confirmed with MALDI-

TOF mass spectrometry (Figure 2.1b).

2.7.5 Analysis of TMLB-GFP Internalization

2.7.5.1 Flow Cytometry

CHO K1 cells were seeded at a density of 50,000 cells/well in 12-well plates. Cells were
incubated with GFP (10 uM), TMLB-GFP (10 uM), or TMLOAc-GFP (10 mM) for 4 h. Cells
were then rinsed twice with Dulbecco’s PBS (DPBS) from Thermo Fisher Scientific and released
from the plate with 250 pL of trypsin/EDTA (0.25% w/v). Cells were resuspended in an
additional 500 pL of medium and incubated on ice until analyzed by flow cytometry. The
fluorescence intensity of at least 20,000 events was measured by flow cytometry. Alexa
Fluor488® was excited with a 488-nm solid-state laser, and the emission was measured through a

530/30 bandpass filter (Figure 2.1c¢).
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2.7.5.2 Microscopy

CHO K1 cells were seeded at a density of 50,000 cells/dish in 35-mm p-dish microscopy
imaging dishes from Ibidi. Cells were incubated with GFP (10 uM), TMLB-GFP (10 uM), or
TMLOACc—GFP (10 uM) for 4 h. Cells were then rinsed twice with DPBS and cell nuclei were
stained with Hoechst 33342 (2 pug/mL) for 5 min at 37 °C and cell membrane was stained with
WGA-594 (5.0 pg/mL) (Invitrogen) for 15 min on ice. Cells were then washed twice with wash

buffer, and examined live using a scanning confocal microscope (Figure 2.1d).



51

2.7.6 Colocalization with Organelles

2.7.6.1 Microscopy

CHO K1 cells were seeded at a density of 50,000 cells/dish in 35-mm u-dish microscopy
imaging dishes from Ibidi. Cells were incubated with 10 uM TMLB-GFP for 4 h, then rinsed
twice with DPBS, and cell nuclei were stained with Hoechst 33342 (2 pg/mL) for 5 min at 37 °C
and cell membranes were stained with either WGA-594 (5.0 pg/mL) for 15 min on ice,
CellTracker™ Orange CMTMR dye (1 uM) at 37 °C for 15 min, Transferrin-594 (25 pg/mL) at
37 °C for 15 min or LysoTracker Red (50 nM) at 37 °C for 30 min (all from Invitrogen). Cells
were then washed twice with wash buffer, and examined live using a scanning confocal

microscope.

2.7.7 Internalization over time

2.7.7.1 Microscopy

CHO K1 cells were seeded at a density of 50,000 cells/dish in an 8-well u-slide
microscopy-imaging dish from Ibidi. Cells were incubated with GFP (10 uM) or TMLB-GFP
(10 uM) for 4 or 24 h. Cells were then rinsed twice with DPBS, and cell nuclei were stained with
Hoechst 33342 (2 pg/mL) for 5 min at 37 °C, and cell membranes were stained with WGA-594
(5.0 pg/mL) for 15 min on ice. Cells were then washed twice with wash buffer, and examined

live using a scanning confocal microscope.
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2.7.8 Fructose Competition
10 uM TMLB-GFP was preincubated in an aqueous solution of fructose (175 mM) for
30 min, then used to treat CHO K1 cells for 4 h before analysis by either confocal microscopy or

flow cytometry as described above and shown in Figure 2.6.

2.7.9 Ribonuclease A Protein Labeling

2.7.9.1 Preparation of FLAG-Ribonuclease A (RNase A) and GS8R RNase A
FLAG-RNase A and G88R RNase A were produced and purified by methods described

previously.'**!%?

2.7.9.2 Labeling of FLAG—RNase A and G88R RNase A
The labeling of FLAG—RNase A and G88R RNase A with TMLB-NHS ester, and
characterization of the extent of labeling was carried out as described for GFP. On average, there

were 1.6 = 0.7 labels per FLAG—RNase A, and 2 + 1 labels per GEB8R RNase A.

2.7.9.3 Hydrolysis of labeled FLAG-RNase A by K562 cell lysate

K-562 cells were grown to confluence in a T75 flask before their collection and lysis with
M-PER from Thermo Fisher Scientific. The presence of esterase activity in the lysate was
verified by a colorimetric assay using p-nitrophenyl acetate. A solution of esterified FLAG—
RNase A (10 ug) was added to 200 uL. of K-562 cell lysate, and the reaction mixture was nutated
at ambient temperature for 12 h. FLAG-RNase A was purified with anti-FLAG® M2 Magnetic
Beads from Sigma—Aldrich. The regeneration of native FLAG-RNase A was confirmed with

MALDI-TOF mass spectrometry.



53

2.7.9.4 Cell-Proliferation Assays

The effect of unmodified G88R RNase A and TMLB-G88R RNase A on the proliferation
of K-562 cells was assayed using a CyQUANT®™ NF Cell Proliferation Assay Kit (Invitrogen).
Briefly, 5 x 10* cells/mL were added to each well of a 96-well plate in 100 pL of serum-free
RPMI 1640 medium. Cells were incubated with G88R RNase A or TMLB-G88R RNase A for
48 h, with PBS and H,0; serving as negative and positive controls, respectively. Cells were then
washed and incubated in CyQUANT® reagent for 30 min and fluorescence intensity was
measured with excitation at ~485 nm and emission detection at ~530 nm. Data are the average of
two measurements for each concentration, and the entire experiment was repeated in triplicate.
The results are shown as the percentage of dye incorporated relative to control cells treated with
PBS. Values for ICsyp were calculated by fitting the curves by nonlinear regression to the
equation: y = 100% / (1 + 10Uegd30 — loglribonucleaseDy ©ohere 3y s the total DNA synthesis

following the CyQUANT dye pulse and # is the slope of the curve (Figure 2.9).
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2.8 NMR Spectra
'H NMR (CDCl;) and *C NMR (CDCls) of Compound 2.1
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'H NMR (CDCl;) and *C NMR (CDCls) of Compound 2.2
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'H NMR (CDCl3) and °*C NMR (CDCls) of Compound 2.3
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'H NMR (CDCl;) and *C NMR (CDCls) of Compound 2.4
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'H NMR (CDCl;) and *C NMR (CDCls) of Compound 2.5
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'H NMR (CDCl;) and *C NMR (CDCls) of Compound 2.6
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'H NMR (CDCl;) and *C NMR (CDCls) of Compound 2.7
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'H NMR (CD;0D) and "*C NMR (CD;0D) of Compound 2.8
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'H NMR (CD;0D) and "*C NMR (CD;0D) of Compound 2.10
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'H NMR (CD;0D) and "*C NMR (CD;0D) of Compound 2.11
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Scheme 2.1 Putative mechanism of esterase cleavage and immolative release of a protein cargo.
Exposure of the phenolate leads to an irreversible lactonization reaction driven by high effective
concentration and steric strain associated with the tri-methyl lock motif.
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Scheme 2.2
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Scheme 2.1 Formation of B-TML-GFP conjugate. Under mild bioconjugation conditions (3:1
PBS/ACN at room temperature overnight), 3-4 boronic acid labels are conjugated to the surface
of GFP. These labels are removed once exposed to intracellular esterases, releasing unmodified

protein.
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Figure 2.1
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Figure 2.1 Cellular internalization of B-TML-labeled GFP. (A) Structures of B-TML-NHS ester
and Ac-TML-NHS ester. Ellipses denote the three distinct modules within B-TML-NHS ester.
(B) MALDI-TOF mass spectra of B-TML-GFP (green), conjugated to ~3 boronic acid moieties
per molecule and the same protein after exposure to CHO K1 cell lysate and purification (gray).
Expected m/z: GFP, 29361; each B-TML moiety, 450. (C) Flow cytometry analysis of CHO K1
cells incubated with 10 uM unlabeled GFP, GFP labeled with a control vehicle (Ac-TML), or
GFP labeled with the boronate vehicle (B-TML) for 4 h (p < 0.0001). (D) Confocal microscopy
of CHO K1 cells grown as in panel C. Cells were stained with WGA-594 (red) and Hoechst
33342 (blue). Scale bars: 10 um.
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Figure 2.2 MALDI-TOF spectra of (A) unmodified GFP, (B) TMLB-GFP, and (C) TMLOAc—
GFP. Data for each spectrum were fitted to a Gaussian curve (red line).
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Figure 2.3 MALDI-TOF of B-TML-GFP on day 1 and day 33 post bioconjugation. Data for
each spectrum were fitted to a Gaussian curve (red line).
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Figure 2.4

WGA-594
(cell-surface glycans)

CellTracker Orange
(cytosol)

Transferrin-594
(early endosomes)

Lysotracker-594
(late endosomes)

Hoechst 33342

B-TML-GFP

Overlay

74



75

Figure 2.4 Confocal microscopy images of live cells after a 4-h incubation of CHO K1 cells
with TMLB-GFP, subsequently costained with various organelle markers. Scale bars: 10 um.
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Figure 2.5
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Figure 2.5 Internalization of TMLB—GFP at 4 and 24 h. (A) Confocal microscopy of CHO K1
cells incubated with unlabeled GFP or TMLB-GFP (10 uM) for 4 or 24 h. Cells were stained
with WGA-594 (red) and Hoechst 33342 (blue). Scale bars: 10 um. (B) Flow cytometry analysis
of CHO K1 cells incubated with either unlabeled GFP or TMLB-GFP (10 uM) for 4 or 24 h.
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Figure 2.6 Effect of fructose on the cellular internalization of B-TML labeled GFP. (A)
Confocal microscopy of B-TML-GFP (10 uM) preincubated with PBS or 175 mM fructose for
30 min, then used to treat CHO K1 cells for 4 h. Cells were stained with WGA-594 (red) and
Hoechst 33342 (blue). Scale bars: 20 um. (B) Flow cytometry analysis of CHO K1 cells treated
as in panel A (p <0.01).
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Figure 2.7 MALDI-TOF mass spectra of (A) unmodified FLAG-RNase A (B) TMLB-
modified FLAG—RNase A (C) G88R RNase A and (D) TMLB-modified G88R RNase A.
Data for each spectra were fitted to a Gaussian curve (red line).
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Figure 2.8 K562 cell lysate-treated FLAG—RNase A originally decorated with TML.
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Figure 2.9
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Figure 2.9 Effect of B-TML-labeling on the inhibition of K-562 cell proliferation by a
ribonuclease. Unlabeled G88R ribonuclease A, IC50 = 6.4 = 0.1 uM; B-TML-labeled G88R
ribonuclease A, IC50 = 3.5 = 0.8 uM. Each data point represents the mean + SE for three
separate experiments, each performed in duplicate.
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Angiogenin—boronic acid conjugate with selective neuroprotection activity*

3.1 Abstract

Angiogenin (ANG) is a human ribonuclease that is compromised in patients with amyotrophic
lateral sclerosis (ALS). ANG also promotes neovascularization, and can induce hemorrhage and
encourage tumor growth. The causal neurodegeneration of ALS is associated with reactive
oxygen species, which are also known to elicit the oxidative cleavage of carbon—boron bonds.
We have developed a boronic acid mask that restrains the ribonucleolytic activity of ANG. The
masked ANG does not stimulate endothelial cell proliferation but protects astrocytes from
oxidative stress. By differentiating between the two dichotomous biological activities of ANG,

this strategy predicates a viable pharmacological approach for the treatment of ALS.

3.2 Author Contributions
T.T.H., T.P.S., and R.T.R. conceived the project and designed the experiments. T.P.S. designed,
synthesized, and characterized organic compounds. T.T.H. designed and performed in vitro and

in cellulo assays. T.T.H., T.P.S., and R.T.R. analyzed data and wrote the manuscript.



*This chapter has been published, in part, under the same title. Reference:

Hoang, T.T.; Smith, T. P.; Raines, R. T. Angewandte Chemie International Edition
2017, In Press.
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3.3 Introduction

Amyotrophic lateral sclerosis (ALS) is an aggressive, fatal disease that is characterized by the
selective destruction of motor neurons in the motor cortex, brain stem, and spinal cord.'”
Although the fundamental cause of ALS is not clear, its pathogenesis arises from several
mechanisms, including oxidative stress.'”' The only approved chemotherapeutic agent for ALS is
a sodium-channel-blocking agent, Riluzole®, that extends survival by only 2-3 months and does
not improve motor function.'’*'"”?

Loss-of-function mutations in the human gene encoding a secretory ribonuclease,

angiogenin (ANG), are associated with the progression of ALS.'7417

In accord, the
administration of human ANG increases the lifespan and improves the motor function of ALS-
like transgenic mice.'’® Nevertheless, ANG has a well-known adverse effect as a potential
chemotherapeutic agent for ALS. As its name implies, ANG induces the proliferation of
endothelial cells to form, ultimately, new blood vessels. Accordingly, long-term treatment with
ANG could engender hemorrhage and tumor growth.'””'”

The neurodegeneration that is characteristic of ALS correlates with an abundance of
reactive oxygen species (ROS), which are cytotoxic.''%'""'*® Moreover, ALS is linked to the
hyperactivity of superoxide dismutase (SOD1)."*"'*? This enzyme catalyzes the conversion of
superoxide ion (O;") to hydrogen peroxide (H,O,), which is the major physiological ROS.

The chemical reactivity of H,O, can be exploited in a physiological context. For
example, H,O, has long been known to effect the oxidative cleavage of the boron—carbon bond

183

in phenylboronic acid, leading to phenol and boric acid (B(OH)3). ™ This reaction has served as

the basis of chemoselective probes for H;O; and in cancer prodrug strategies.'?'#+1%
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ANG relies on the intracellular manifestation of its ribonucleolytic activity to mediate

186

neuroprotection. -~ We envisioned the oxidative cleavage of a boronic acid as a means to

generate active ANG only in cells suffering from ROS-mediated toxicity.

3.4 Results and Discussion

To install an ROS-sensitive trigger in ANG, we chose to target a key active-site residue:
Lys40 (Scheme 3.1). This residue is essential for the ribonucleolytic activity of ANG."®"'® We
replaced Lys40 with a cysteine residue, which serves as a reactive handle for conjugation of a
boronic acid containing a latent amino group that is poised to reconstitute catalytic activity. We
synthesized the boronic acid 3.1, as well as a control molecule lacking the boronic acid moiety
3.2, from an azide precursor via a Curtius rearrangement.

An ROS-activatable phenylboronic acid conjugate (B-thiaK40 ANG) or an inactivatable
phenyl conjugate (P-thiaK40 ANG) were made by a radical-initiated thiol-ene reaction
(Scheme 3.1)."%'*® Notably, the common method of creating y-thialysine derivatives by S-
alkylation with a haloethylamine failed with K40C ANG, despite working with a ribonuclease A,
which is an ANG homolog."" The integrities of the K40C variant and its conjugation products
were confirmed with LC-MS/MS after trypsin digestion (Figure 3.1).

Exposure to an ROS reconstitutes the enzymatic activity of B-thiaK40 ANG in vitro. A
zymogram assay of ribonucleolytic activity revealed that P-thiaK40 ANG was inactive, even
after treatment with H,O, (Figure 3.2a). In contrast, this ROS did elicit activity from B-thiaK40
ANG (Figure 3.2a and 3.2b), which was quantified in solution to be (16 + 4)% that of the wild-
type enzyme (Figure 3.2c). This relative level of activity is similar to that of a variant of

ribonuclease A in which y-thialysine replaces the active-site lysine residue.'’
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The intrinsic catalytic activity of ANG is low."”? In the three-dimensional structure of
ANG, the side chain of GInl17 obstructs a nucleobase-binding pocket in the active site.'” A
Q117G substitution increases the catalytic activity of ANG toward conventional substrates by
30-fold."™ Accordingly, we generated an ROS-activatable phenylboronic acid conjugate with
K40C/Q117G ANG, and we observed enhanced catalytic activity upon its unmasking with H,O,,
both in a zymogram assay (Figure 3.2a and 3.2b) and in solution (Fig. 3.2¢). Moreover, in the
context of Q117G ANG, having a lysine or y-thialysine as residue 40 affects catalytic activity by
less than twofold.

ANG promotes endothelial cell proliferation, unlike its P-thiaK40, P-thiaK40/Q117G,
B-thiaK40, or B-thiaK40/Q117G variants (Figure 3.3). Thus, conjugation eliminates this
biological activity of ANG. Exposure to H;O, does enable B-thiaK40 ANG and
B-thiaK40/Q117G ANG to induce cell proliferation. The unmasked variants that have a
y-thialysine as residue 40 are, however, less potent than their isosteres with lysine as residue 40,
consistent with relative enzymatic activities observed in vitro (Fig. 3.2).

Finally, we asked whether the ROS-activatable masked ANG conjugates elicit a phenotype
that could benefit an ALS patient. Astrocytes are prevalent glial cells in the central nervous
system that support neuronal plasticity and recovery after injury.'®""*>"*" Under stress like that
imposed by ALS, motor neurons secrete ANG, which is taken up selectively by astrocytes.'”®
Within astrocytes, ANG stimulates pro-survival signals, which are transmitted to motor neurons
to afford protection from oxidative damage.'”’

Oxidative stress was imposed upon astrocytes by treatment with either phorbol 12-
myristate 13-acetate (PMA) or H,O,. PMA activates protein kinase C, stimulating the catalytic

production of O, by nicotinamide adenine dinucleotide phosphate oxidase.”” To begin, we
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determined the toxicity of each agent to human astrocytes (Figure 3.4a) and found a dose—
response correlation between doses that led to 25%, 50%, and 75% cell survival and intracellular
ROS levels (Figure 3.4b).

Like wild-type ANG, B-thiaK40 ANG and B-thiaK40/Q117G ANG protect human
astrocytes from ROS-mediated toxicity. This protection was evident for cells challenged with all
three doses of PMA or H,O, (Figure 3.5). In contrast, no benefit was observed upon treatment of
astrocytes with P-thiaK40 ANG or P-thiaK40/Q117G ANG. Importantly, our data indicate that
the neuroprotection afforded by B-thiaK40/Q117G ANG is comparable to that of the wild-type
enzyme.

The byproducts that form upon unmasking of the ANG conjugates are not cytotoxic. The
immolative mechanism of unmasking produces boric acid and 4-hydroxybenzyl alcohol (Scheme
3.2). Millimolar levels of boric acid or 4-hydroxybenzyl alcohol, alone or in combination, did not

lead to detectable toxicity for human astrocytes (Figure 3.6).

3.5 Conclusions
In conclusion, we have described a semisynthetic ANG that is inactive under normal

physiological conditions but becomes active in the presence of the most prevalent ROS—H;0..

174,175 181,182
G"™ 1,

ALS is an incurable disease that is linked to hypoactive AN and hyperactive SOD
which catalyzes the formation of H,O,. The accumulating H,O, could serve to unmask our

semisynthetic ANG selectively in contexts relevant for the treatment of ALS.
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3.7 Materials and Methods

3.7.1 General Information

All chemicals and reagents were from Sigma—Aldrich Chemical (St. Louis, MO) unless
indicated otherwise, and were used without further purification. All glassware was flame-dried,
and all synthetic chemical reactions were performed under N, (g). Dichloromethane (DCM),
tetrahydrofuran (THF), triethylamine (TEA), and dimethylformamide (DMF) were dried with
columns of alumina. Removal of solvents “under reduced pressure” refers to the use of a rotary
evaporator with water-aspirator pressure (<20 torr) and water bath at <40 °C. Flash column
chromatography was performed with 4063 A silica (230—-400 mesh) from Silicycle (Québec
City, Canada); thin-layer chromatography (TLC) was performed with EMD Millipore 250-um
silica gel 60 F,s4 plates from Sigma—Aldrich. Poly(cytidylic acid) was from Sigma—Aldrich; 6-
FAM—-dArUdAdA-6-TAMRA was from IDT (Coralville, 1A).

All procedures were performed in air at ambient temperature (~22 °C) and pressure (1.0
atm) unless indicated otherwise. "H and >C NMR spectra were acquired with a Bruker Avance

III 5001 spectrometer at the National Magnetic Resonance Facility at Madison and referenced to
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residual protic solvent. Mass spectrometry was performed with a Micromass LCT (electrospray
ionization, ESI) instrument at the Mass Spectrometry Facility in the Department of Chemistry at
the University of Wisconsin—Madison. Fluorescence and absorbance measurements were made
with an M1000 fluorescence plate reader from Tecan (Minnedorf, Switzerland). Statistical
analyses were performed with Prism 5 from GraphPad Software (La Jolla, CA). All data are
shown as the mean + standard error of the mean (SEM).

Human cells were from Lonza (Walkersville, MD) and were maintained according to
recommended procedures. Medium and added components, trypsin (0.25% w/v), and Dulbecco’s
PBS (DPBS) were the Gibco® brand from ThermoFisher Scientific (Waltham, MA). Cells were
grown in flat-bottomed culture flasks in a cell-culture incubator at 37 °C under CO, (g) (5% Vv/v).
Human umbilical vein endothelial cells (HUVEC) were grown in EGM™-2; human astrocytes
were grown in AGM™. The Corning 96-well microplates used in experiments were from

Sigma—Aldrich.
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3.7.2 Chemical Synthesis

neat O/N "/© LiBr, 2-butanone 1|©
©/ 50 °C, 20 min O Li+

The water-soluble photoactivatable radical initiator, lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP), was synthesized as reported previously.' Briefly, dimethyl
phenylphosphonite (0.186 mL, 1.17 mmol) was added to neat 2,4,6-trimethylbenzoyl chloride,
and the reaction mixture was stirred overnight. A solution of LiBr (0.406 g, 4.68 mmol) in
2-butanone (10 mL) was added to the reaction mixture, which was then heated to 50 °C for
20 min as a white precipitate formed. The reaction mixture was cooled and filtered to afford

LAP as a white solid (0.325 g, 97%).

"H NMR (500 MHz, D,0, 8): 1.97 (s, 6H), 2.26 (s, 3H), 6.81 (s, 2H), 7.39-7.42 (t, J = 7.65 Hz,
2H), 7.48-7.51 (t, J = 7.20 Hz, 1H), 7.66-7.68 (d, J= 11.25 Hz, 1H), 7.67-7.70 (d, J= 11.23 Hz,
1H); *C NMR (125 MHz, D,0, d): 21.16, 22.77, 130.72, 130.97, 131.07, 134.70, 134.73,
134.75, 134.83, 134.91, 135.77, 136.31, 140.26, 140.57, 142.53; HRMS (ESI) calculated for

[Ci6H1603P] (M — H) requires m/z 287.0843; found m/z 287.0841
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@AOH

O NaNj, H,Oftoluene O hydroquinone, pyridine H \Q
> ’ » X N__O
\)J\CI \)]\ N \[(

0°C,6h Ns 85°C, 1 h
o)

3.2

Carbamate 3.2 was accessed via a Curtius rearrangement as reported previously.” Briefly,
sodium azide (0.430 g, 5.52 mmol) was dissolved in water (3.75 mL), and the resulting solution
was cooled to 0 °C. A solution of acryloyl chloride (0.500 mL, 5.52 mmol) in toluene (2.25 mL)
was then added dropwise to the reaction mixture, which was stirred at 0 °C for 6 h. The layers
were separated quickly, and the organic layer was washed with Na,CO; (2 x 3 mL) and dried
with MgSOu(s). The reaction mixture was then filtered and added dropwise to a stirring solution
of benzyl alcohol (0.776 g, 7.17 mmol), pyridine (0.218 g, 2.76 mmol), and hydroquinone (0.031
g, 0.286 mmol) at 85 °C. The reaction mixture was stirred at 85 °C for 1 h. The reaction mixture
was then washed with saturated aqueous Na,CO; and dried with Na;SO4(s). The solvent was
removed under reduced pressure, and the crude product was purified with by flash
chromatography (30% v/v EtOAc in hexanes) to afford compound 3.2 as a white solid (0.610 g,

62%).

"H NMR (500 MHz, CDCl;, d): 4.30-4.31 (d, J = 8.78 Hz, 1 H), 4.47-4.50 (d, J = 15.83 Hz,
1H), 5.15 (s, 2H), 6.44 (bs, 1 H), 6.68-6.76 (m, 1 H), 7.26-7.38 (m, SH); *C NMR (125 MHz,
CDCL, J): 67.35, 93.51, 128.42, 128.54, 128.75, 129.88, 135.98, 153.55; HRMS (ESI)

calculated for [CloHnNOz]+ M + H)+ requires m/z 178.0863; found m/z 178.0860
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Pinacol-protected boronated carbamate 3.3 was accessed in the same manner as was
carbamate 3.2. Briefly, sodium azide (0.430 g, 5.52 mmol) was dissolved in water (3.75 mL),
and the resulting solution was cooled to 0 °C. A solution of acryloyl chloride (0.500 mL,
5.52 mmol) in toluene (2.25 mL) was added dropwise, and the reaction mixture was allowed to
stir at 0 °C for 6 h. The layers were separated quickly, and the organic layer was washed with
Na,COs (2 x 3 ml) and dried with MgSQu(s). The reaction mixture was then filtered and added
dropwise to a stirring solution of 4-(hydroxymethyl)phenylboronic acid pinacol ester (1.60 g,
7.17 mmol), pyridine (0.218 g, 2.76 mmol), and hydroquinone (0.031 g, 0.286 mmol) at 85 °C.
The reaction mixture was allowed to stir at 85 °C for 1 h. The reaction mixture was then washed
with saturated aqueous Na,CO; and dried with Na,SOy(s). The solvent was removed under
reduced pressure, and the crude product was purified by flash chromatography (30% v/v EtOAc

in hexanes) to afford compound 3.3 as a white solid (0.742 g, 44%).

"H NMR (500 MHz, CDCl3, 6): 1.34 (s, 12 H), 4.30-4.32 (d, J = 8.76 Hz, 1 H), 4.47-4.50 (d, J
= 15.72 Hz, 1H), 5.16 (s, 2H), 6.46 (bs, 1 H), 6.68-6.75 (m, 1 H), 7.35-7.36 (d, J = 7.67 Hz, 2
H), 7.80-7.82 (d, J = 7.77 Hz, 2H); *C NMR (125 MHz, CDCL, 9): 24.84, 67.02, 83.87, 93.40,
127.24, 129.71, 135.02, 138.83, 153.33; HRMS (ESI) calculated for [C1sH»BNO,]" (M + NH,)"

requires m/z 320.2016; found m/z 320.2014
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3.3 3.1

Boronated carbamate 3.1 was prepared from pinacol-protected boronated carbamate 3.3
by using a procedure modified from the literature.” Compound 3.3 (0.050 g, 0.164 mmol) was
dissolved in a 4:1 mixture of THF/iPrOH (1.60 mL). Diethanolamine (0.019 g, 0.180 mmol) was
added dropwise, and the reaction mixture was allowed to stir for 1 h until formation of a white
precipitate. The reaction mixture was then filtered, and the precipitate was collected and
resuspended in 1.6 mL solution of 1:4 0.1 M HCI/THF. The reaction mixture was stirred for
10 min, and reaction progress was monitored with TLC. (Note: significant product degradation
was observed at longer reaction times.) The reaction mixture was then diluted with water, and
the organic solvent was removed under reduced pressure until a white precipitate formed. The
resulting precipitate was filtered and washed with chloroform to afford compound 3.1 as a white

solid (0.026 g, 73%).

"H NMR (500 MHz, CD;OD, 9): 4.23-4.24 (d, J = 8.87 Hz, 1H), 4.53-5.56 (d, J = 15.88 Hz,
1H), 5.13 (s, 2H), 6.62—6.67 (dd, J = 15.90, 8.92 Hz, 1H), 7.35-7.37 (d, J = 7.65 Hz, 2H), 7.60—
7.62 (d, J = 7.60 Hz, 2H); *C NMR (125 MHz, CD;OD, d): 67.62, 93.77, 127.96, 131.48,
134.72, 139.20, 156.14; HRMS (ESI) calculated for the single methyl boronic ester

[C11H14BNO,4]" (M + NHy) ' requires m/z 252.1390; found m/z 252.1390
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3.7.3 Preparation of ANG, its variants, and their conjugates

ANG and its Q117, K40C, and K40C/Q117G variants were prepared as described
previously.*”> The B-thiaK40 ANG, P-thiak40 ANG, B-thiaK40/Q117G ANG, and P-
thiaK40/Q117G ANG conjugates were prepared by reaction of K40C ANG or K40C/Q117G
ANG (9 mg) with a 50-fold molar excess of compound 3.1 or 3.2, and a 10-fold molar excess of
LAP in 50 mM HEPES-KOH buffer, pH 8.0, containing reduced glutathione (20 mM). Samples
were placed in a XL-1500 UV Spectrolinker from Spectronics (Westbury, NY) and irradiated
from above with 365-nm light for 30 min. Conjugates were purified by chromatography using a
HiTrap SP HP cation-exchange column (GE Healthcare). The molecular mass of each ANG
conjugate was confirmed by LC-MS/MS. Protein concentration was determined by using a
bicinchoninic acid assay kit from Pierce Chemical (Rockford, IL). This procedure typically

afforded 2—3 mg of conjugate.

3.7.4 Unmasking of ANG conjugates in vitro

P-thiaK40 ANG, B-thiaK40 ANG, and their Q117G variants (3.0 mg/mL) were incubated
with H,O, (1.0 mM) at 37 °C for 3 h, followed by dialysis against PBS to remove excess H,0,.
The unmasked proteins were then characterized by LC-MS/MS, and further used in in vitro

enzymatic assay and in cellulo cell proliferation assay.

3.7.5 Zymograms
Solutions of wild-type ANG, its variants, and that conjugates (40 ng) were diluted 1:1
with 2x Laemmli buffer from Bio-Rad (Hercules, CA), and the resulting solutions were loaded

on to a polyacrylamide gel (15% w/v) containing poly(C). The loaded gel was subjected to
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electrophoresis for 1.5 h at 100 V. Subsequent washing, refolding and staining with toluidine

blue were performed as described previously.®

3.7.6 Assays of ribonucleolytic activity

The ribonucleolytic activity of wild-type ANG, its variants, and their conjugates (100
nM) was determined by measuring the initial velocity of cleavage of 6-FAM—-dArUdAdA—6-
TAMRA’ (200 nM) in 100 mM Tris—HCI buffer, pH 7.5, containing NaCl (100 mM). Assays

were performed in the wells of a 96-well plate.

3.7.7 Assays of endothelial cell proliferation

HUVEC cells in EGM™-2 were plated at 5,000 cells per well in a 96-well plate. After
24 h, cells were switched to EBM-2 containing ANG or a variant (1 pg/mL). At known times,
growth medium was removed and cells were incubated with fluorescent dye CyQUANT® NF
(Invitrogen) binding solution. Fluorescence intensity was measured with excitation at 485 nm

and emission detection at 530 nm.

3.7.8 Measurement of intracellular ROS levels

The ROS levels within untreated, PMA-treated, and H,O,-treated cells were measured by
staining with chloromethyl-2’,7'-dichlorofluorescein diacetate (CM-DCFDA). Human astrocytes
were counted by using a CyQUANT®™ NF assay from ThermoFischer. Astrocytes were plated at

10,000 cells per well in a 96-well plate. After 24 h, the astrocytes were treated with variable
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concentrations of PMA or H,O, for 1 h before incubating with CM-DCFDA for ROS analysis.

Fluorescence intensity was recorded with excitation at 492 nm and emission detection at 520 nm.

3.7.9 Assays of astrocyte survival

Human astrocytes were plated at 10,000 cells per well in a 96-well plate. Wild-type
ANG, its variants, their conjugates, and vehicle were added to the cells and incubated for 24 h.
Cells were washed with AGM™ medium and treated with variable concentrations of PMA or
H,0,. After 24 h, the medium was removed, and cells were incubated with CellTiter 96 MTS

reagent from Promega (Madison, WI) for 3 h before detection.
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Scheme 3.1
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Scheme 3.1 Synthesis and unmasking of an ROS-responsive conjugate of human ANG. Lys40 is
a key residue in the active-site of ANG. The K40C variant, which lacks biological activity, was
modified by a thiol-ene reaction with a boronic acid containing a latent amino group (3.1). The
ensuing B-thiaK40 ANG is also inactive, except in environments with high levels of H,0O,,
which unmask the y-thialysine residue and restore the biological activity of ANG. P-thiaK40
ANG lacks the boronic acid moiety and is not responsive to H,O,.
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Scheme 3.2
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Scheme 3.2 Putative mechanism for the unmasking of B-thiaK40 ANG by an ROS. In the
presence of H,O,, the boronic acid is oxidized, leading to the formation of carbon dioxide, boric
acid, and quinone methide, which is converted to 4-hydroxybenzyl alcohol upon attack by water.
Inset: Putative mechanism for the oxidation of a phenylboronic acid moiety by H,0O,.
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Figure 3.1 MS/MS mass spectra of trypsin digests. (a) K40C ANG, (b) P-thiaK40 ANG variant
after treatment with H,O,, and (c,d) B-thiaK40 ANG variant after treatment with H,O,. The
ensuing y-thialysine residue is cleaved by trypsin, generating two fragments.
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Figure 3.2

a b
ANG T T
wild-type P-thiak40  B-thiaK40 100
HO, + — + — +

80

P-thiak40 ~ B-thiakK40
Q117G_ Q117G Q117G

HO, + — + - +

60—

40

Relative enzymatic activity (%)

20 L
c 105 0

] ANG

] 1 wild-type ANG
— [ thiak40 ANG
T 1044
S I Q117G ANG
s ] B thiaK40/Q117G ANG

=
S
F10y =
102

ANG



113

Figure 3.2 An ROS restores the ribonucleolytic activity of B-thiaK40 ANG and its Q117G
variant. (a) Representative zymograms of ANG, Q117G ANG, and their conjugates. Proteins
were exposed to H>O, (1.0 mM) at 37 °C for 3 h, and assayed for their ability to cleave poly(C)
by negative staining with toluidine blue. (b) Graph of data from all zymograms with ANG,
Q117G ANG, and their boronated conjugates (exposed to H,O,). Values represent the mean +
SEM (n = 4, technical replicates). *, p < 0.05. (c) Graph of ribonucleolytic activity of ANG,
Q117G ANG, and their boronated conjugates (exposed to H,O,). Values represent the mean +
SEM (n = 3, technical replicates).
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Figure 3.3 Masked ANG conjugates do not promote the proliferation of human endothelial cells.
(a,b) Graphs showing that after pre-exposure of B-thiaK40 ANG and B-thiaK40/Q117G ANG to
H,0,, the ensuing proteins promote the growth of HUVEC cells. The inactive P-K40 ANG or its
P-K40/Q117G variant does not affect growth. Values represent the mean = SEM (n = 3,
biological replicates).
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Figure 3.4 H,0O, and PMA provoke an increase in intracellular ROS in human astrocytes. (a)
Human astrocytes were treated with PMA and H,O, at increasing concentrations for 24 h, after
which the cytotoxicity of these agents was evaluated using an MTS assay. (b) Accumulation of
intracellular ROS in human astrocytes was dose dependent. Cells were treated with PMA and
H,0, at desirable doses for 1 h, after which ROS measurement was performed using a
fluorescent dye. Values represent the mean £ SEM (n = 3, technical replicates).
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Figure 3.5 B-thiaK40 ANG and its Q117G variant protect human astrocytes from oxidative
stress. Cells were pre-treated for 24 h with ANG, Q117G ANG, or their conjugates (1.0 ug/mL)
prior to exposure to PMA or H,O,. The cytotoxicity of these agents was assessed 24 h later. Only
ANG with a lysine or activatable y-thialysine residue at position 40 protected cells from
oxidative stress. Values represent the mean = SEM (n = 3, biological replicates).
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Figure 3.6
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Figure 3.6 Byproducts of the unmasking of B-thiaK40 ANG and B-thiaK40/Q117G ANG and
are not toxic to human astrocytes. Graph of cell viability indicating that treating human
astrocytes with boric acid or 4-hydroxybenzyl alcohol (or both) for 48 h results in no

cytotoxicity, even at millimolar concentrations. Values represent the mean = SEM (n = 3,
biological replicates).



122




123

Stilbene Boronic Acids Form a Covalent Bond with Human

Transthyretin and Antagonize its Aggregation

4.1 Abstract

Transthyretin (TTR) is a homotetrameric protein. Its dissociation into monomers leads to the
formation of fibrils that underlie several human amyloidogenic diseases. The binding of small
molecules to the pair of thyroxin (T4) binding sites in TTR stabilizes the homotetramer and
attenuates TTR amyloidosis. Herein, we report the design and evaluation of boronic acid-
substituted stilbenes that limit TTR amyloidosis in vitro. The structure of resveratrol was used as
a starting point for rational incorporation of boronic acid groups with the intention of promoting
a covalent interaction with a polar residue in the T4-binding site. Assays of affinity for TTR and
inhibition of its tendency to form fibrils were coupled with X-ray crystallographic analysis of
nine TTR-ligand complexes. The ensuing structure—function data led to the design and synthesis
of a symmetrical diboronic acid that forms a boronic ester with serine 117. This diboronic acid
strongly inhibits fibril formation by both wild-type TTR and a common disease-related variant,
V30M TTR, compared to its phenolic derivative. Most significantly, the diboronic acid inhibits
fibril formation as effectively as does tafamidis, a small-molecule drug in late-stage clinical trials
for the treatment of TTR-related amyloidosis. Thus, the strategic deployment of boronic acid

moieties within small-molecule ligands can provide a means to modulate protein aggregation.
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and R.T.R wrote the manuscript.
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4.3 Introduction
Amyloidosis is a disease caused by the aggregation of a normally soluble protein.?"*"
Endogenous proteins can be causal for these diseases, which include Alzheimer’s, Huntington’s,

and Parkinson’s.”® One such protein, transthyretin (TTR),***

is a homotetrameric protein
comprised of four identical monomer units, each consisting of 127 amino-acid residues that fold
into a p-sandwich (Figure 1).>*° The dissociation of the TTR tetramer and aggregation of the
ensuing monomers underlies familial amyloid polyneuropathy, familiar cardiomyopathy, and
senile systemic amyloidosis.****"’

TTR is present in blood (0.25 g/L =4 pM) and, to a lesser extent, cerebral spinal fluid.***
A primary role of TTR in vivo is to transport thyroxin (T4) and retinol, a hydrophobic hormone
and fat-soluble vitamin A;, respectively. Due to the abundance of other lipid-binding proteins
(e.g., thyroid-binding globulin and albumin), most of the T4-binding sites of TTR are empty in
blood. In cerebral spinal fluid, TTR also binds to B-amyloid, worsening the neurotoxicity that
underlies Alzheimer’s disease.** "

The binding of a ligand can stabilize the folded state of a protein.”''*'* Evidence for the
coupling of binding and stability appeared in 1890, when O’Sullivan and Thompson
demonstrated that cane sugar increases markedly the thermostability of invertase, which is an
enzyme that catalyzes the hydrolysis of sucrose.”'” Since then, ligands have been used to enhance
the conformational stability of countless proteins, including TTR. Many small molecules have
been synthesized and tested as putative TTR ligands, and several have demonstrated efficacy in
attenuating amyloidosis.”'**'> Most efforts have focused on ligands that bind to the two identical
T4-binding sites at a dimer—dimer interface (Figure 4.1), as such ligands discourage dissociation

216

to the monomeric state.” > A few of these compounds have become viable treatment options,
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including difluenisal, which is an FDA-approved non-steroid anti-inflammatory drug that has

had limited adoption due to long-term gastrointestinal side-effects associated with

217,218 219-221

cyclooxygenase inhibition, and tafamidis, which is in late-stage clinical trials.

An attractive approach to increase the potency and pharmacokinetics of a ligand is to
evoke the formation of a covalent bond.””**** This strategy is well suited for TTR amyloidosis,
not only because with an optimized dosage there might be no appreciable competition in serum
with the natural ligand, T4, but also because sustained stabilization of the TTR tetramer deters
the accumulation of monomers that leads to a cascade of aggregation.”** Previous work by Kelly
and coworkers has shown that small molecules can modify TTR chemoselectively by targeting

the € amino group of Lys15/Lysl5" at the entry to the Ty4-binding binding site. This work

employed irreversible reactions, including conjugate addition with activated esters and

225,226 7

thioesters and vinyl sulfonamides,”’ and sulfation with aryl fluorosulfates.””*** Such

ligands can, however, react irreversibly with other plasma proteins,”?’ leading to potential

222

immunogenic responses to the protein—ligand adduct™ and the generation of potential toxic

byproducts.**’
To accrue the benefits of covalent binding without the liabilities, we sought ligands for

TTR that bind in a covalent but reversible manner. Boronic acids interact with Lewis bases in

aqueous media.”” Boronic acids (including the FDA-approved drug Bortezomib'') are well

25,230-232 27,28

known as serine/threonine protease inhibitors, anti-microbial and anti-cancer agents,
. . 21,91,93,233 C .
and delivery vehicles. Boronic acid-based fluorogenic probes have been developed for
. 234 . . 106,235
sensing both saccharides™" and reactive oxygen species (ROS), as well as for molecular

recognition.'” These applications arise from the ability of boronic acids to form a covalent bond

with a Lewis base that is reversible under physiological conditions."***® Notably, boronic acids
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are benign, as their metabolic byproduct, boric acid, is present in a normal diet.**’

Here, we report on the development of boronic acid-based ligands for the T4-binding site
of the TTR tetramer. An iterative strategy involving chemical synthesis and structure—function
analysis led us to potent, covalent inhibitors of TTR aggregation. This strategy serves as a model

for a new class of amyloidosis antagonists.

4.4 Results and Discussion

We chose stilbene as a scaffold for the design of an initial series of boronic acid-
containing TTR ligands (Scheme 4.1). This scaffold is present in the natural product resveratrol
(4.1), and has been employed in other TTR ligands.?*>!>226238240 N oreover, stilbenes are
readily accessible by a convergent synthetic route, as the two rings can be functionalized
separately and then joined with a Wittig reaction.

Resveratrol occupies the Ts-binding site with moderate affinity (Table 4.1 and Figure
4.1).”% We began by replacing the phenolic hydroxyl group, which is known to form a hydrogen
bond with Ser117/117', with a boronic acid group to generate stilbene 4.2 (Scheme 4.1). Halogen
substitution is known to provide additional van der Waals interactions within the inner pocket of
the T4-binding site, enhancing the affinity of TTR ligands.”*' Accordingly, we added a chloro
group meta to the boronic acid moiety to generate stilbenes 4.3 and 4.4.

We performed competitive binding assays to compare affinities among the diphenol
series of ligands (Table 4.1 and Figure 4.5A). We observed no change in values of K4, between
stilbene 4.1 and 4.2. Interestingly, chlorinated stilbene 4.3 showed a higher value of Ky, relative
to its non-halogenated counterpart, stilbene 4.1. This decrease in affinity contrasts with stilbene

4.4, which exhibited increased affinity as a result of chlorination and showed the strongest
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affinity for TTR of stilbenes 4.1-4.4, having a K4, value of 441 nM.

Next, we assessed the ability of these molecules to inhibit fibril formation by both wild-
type TTR and the common V30M variant, which is associated with familial amyloid
polyneuropathy (Table 4.1 and Figure 4.6A). We found that all of the stilbenes in this series
inhibited aggregation at 7.2 uM and at a molar ratio of 2 ligand:1 protein. Stilbenes 4.1 and 4.2
showed 25% and 23% fibril formation for V30M TTR, whereas stilbenes 4.3 and 4.4 showed
14% and 11%, respectively. These differences are not significant. Herein, we consider
compounds that limit aggregation to <10% over 96 h as potent inhibitors, and stilbenes 4.1-4.4
did not achieve this threshold.

Next, we solved co-crystal structures of TTR and resveratrol analogs 4.2—4.4 to discern if
the boronated stilbenes formed a covalent bond with TTR. To our surprise, each phenylboronic
acid moiety was observed in the “reverse” binding mode (Figures 4.2A and 4.2B) relative to its
parent phenol, resveratrol (Figures 4.1 and 4.3A). In other words, the boronic acid group resided
in the outer pocket of the T4-binding site No indication of boronic ester formation with amino
acid residues was apparent (Figures 4.7 and 4.9).

To attempt to reconfigure this unexpected orientation, we designed a second series of
stilbenes in which a carboxylic acid group was installed at the meta position of the ring not
modified in the first series (Scheme 4.2). Previous work had shown that incorporating an anionic
substituent into ligands could introduce advantageous electrostatic interactions with Lys15/15" of
TTR.?%*2%?%2 We hypothesized that this interaction would orient the boronic acid to the inner
pocket of the T4-binding site, and perhaps promote boronate-ester formation.

The first pair, stilbenes 4.5 and 4.6, exhibited K4, values in the low micromolar range, 3-

and 2-fold higher than those of stilbenes 4.1 and 4.2, respectively (Table 4.2 and Figure 4.5B).
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The installation of a chloro group in stilbenes 4.7 and 4.8 restored values of K4, to the high
nanomolar range. Consistent with the higher values of K, the non-halogenated stilbenes 4.5 and
4.6 also showed poor ability to prevent fibril formation under acidic fibril-forming conditions
(Table 4.2 and Figure 4.6B). Incubation of wild-type TTR with phenol 4.5 showed 77% fibril
formation and actually seemed to facilitate fibril formation of the V30M variant (112% at
7.2 uM). Boronic acid 4.6 performed significantly better as an inhibitor than did phenol 4.5 for
both wild-type TTR and the V30M variant (11% and 28%, respectively). The chlorinated pair
4.7 and 4.8 showed potent fibril inhibition (<10%) for both TTRs. These differences were,
however, within experimental error. Again, co-crystallography revealed that boronic acids 4.6
and 4.8 were bound in the reverse mode, relative to their paired phenols. In other words, the
carboxylic acid group was in the inner pocket, near Ser117/117’, and the boronic acid group was
in the outer pocket, near Lys15/15" (Table 4.14; Figures 4.2C and 4.2D). As with boronic acids
4.2 and 4.4, boronic acids 4.6 and 4.8 did not exhibit covalent interactions with binding-pocket
residues.

The final series of stilbenes contained a boronic acid moiety on each ring (Scheme 4.3).
We synthesized C, symmetrical diboronic acid 4.10, which has two meta-chloro and para-
boronic acid groups (relative to the stilbene olefin), as well as the analogous C, symmetrical
diphenol 4.9. Additionally, we synthesized stilbene 4.11, which has one boronic acid group meta
to the linker, to investigate whether this position of the boronic acid enhances interactions with
Lys15/15" in the outer pocket. We also included tafamidis (4.12) in this series as a benchmark for
our assays.

In the competitive binding assay, diphenol 4.9 had a K4, value of 819 nM (Figure 4.5C

and Table 4.3). The analogous diboronic acid, 4.10, had a K4, value of 469 nM, which was the
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largest decrease in K4, value that we observed between a boronic acid and its paired phenol.
These two stilbenes comprise the only pair that can be compared directly, as their C; symmetry
precludes alternative binding orientations. The difference in affinity for TTR was amplified in
the fibril formation assay, where diboronic acid 4.10 showed much more potent inhibition of
fibril formation than did diphenol 4.9, both for wild-type TTR (3% versus 12% at 7.2 uM) and
for the V30M variant (8% versus 27% at 7.2 uM) (Table 4.3 and Figure 4.6C). Asymmetric
diboronic acid 4.11 had a value of Kq, similar to that of diphenol 4.9 (864 nM) as well as similar
fibril formation inhibition, suggesting that the location of the boronic acid plays a role in
optimizing interactions within the binding pocket. Gratifyingly, co-crystallographic data of
diboronic acids 4.10 and 4.11 showed the formation of a boronic ester with Ser117/117" (Figures
4.2E and 4.2F).

We sought a new class of small-molecule ligands for TTR, which is a validated target for
pharmacological intervention.”’’?'***! Towards that goal, we investigated the effects of
incorporating a boronic acid substituent on the well-known stilbene scaffold, embodied in
resveratrol (4.1). The results enabled us to reach several conclusions. First, a boronic acid group
can enhance the potency of a TTR ligand. Second, boronic acids prefer to bind in the T4-binding
site such that the boronic acid group is exposed to solvent. Finally, a boronic ester can form with
an amino-acid residue.

The installation of a boronic acid group tends to increase the affinity of a stilbene for
TTR. The value of Kq4, for each boronic acid ligand for TTR is lower than (or equivalent to) that
of its analogous phenol (Tables 4.1-4.3). Moreover, a boronic acid group enhances the ability of
a stilbene to deter the formation of TTR fibrils (Tables 4.1-4.3). Nonetheless, our structural

studies revealed that in each complex between TTR and a stilbene containing a single boronic
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acid group, that group was in the outer pocket of the T4-binding site, exposed to solvent (Figures
4.2A-4.2D,4.7,4.9,4.11, and 4.13).

The modest increase in affinity incurred by adding a single boronic acid group could be
due to a weak noncovalent interaction between the e-amino group of Lys15/15" and the vacant
p-orbital of the boron. Kelly and coworkers demonstrated that this amino group, which likely has
a low pK,, can act as a nucleophile.””” In our complexes, the relevant B---N distances are 3.3—
3.5 A for stilbenes 4.2, 4.4, 4.6, 4.8, and 4.10 (Table 4.14). We did not, however, observe
electron-densities or atomic geometries consistent with the formation of a dative N—B bond
between these two functionalities, nor were any additional hydrogen bonds apparent between
TTR residues and the boronic acid group (Figures 4.2A-4.2D, 4.7, 4.9, 4.11, and 4.13).
Additional hydrogen bonds did, however, arise elsewhere in the complexes with a single boronic
acid. For example, the two meta hydroxyl groups in stilbenes 4.2 and 4.4 (but not 4.1 and 4.3)
interact closely (2.0-2.3 A) with Ser117/117’ (Table 4.14).

Stilbenes and similar compounds bind to TTR in one of two modes.?'”?2422-243-246
Although a consensus explanation is not apparent, the polarity of pendant functional groups can
play a role in ligand orientation.”****’ In our stilbenes, however, the relevant logP values of
phenol (1.46), benzoic acid (1.87), and phenylboronic acid (1.59) are similar,**® suggesting that
hydrophilicity alone contributes little to their orientation in the Ts-binding site. The installation
of a chloro group on one ring, as in stilbenes 4.4 and 4.8, led to increased affinity and enhanced
efficacy (Tables 4.1 and 4.2), but did not affect binding orientation (Figures 4.2B and 4.2D).

To negate binding orientation as a factor, we designed a class of molecules containing a
boronic acid substituent on each stilbene ring. If such a ligand were to bind to TTR, then a

boronic acid group would necessarily be in the inner pocket of the Ts-binding site. We were
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gratified that this strategy was successful, as both stilbenes 4.10 and 4.11 did bind to TTR with
high affinity (Table 4.3). Moreover, the boronic acid group in the inner pocket formed an ester
with Serl117/117'. Boronic esters have demonstrable utility as mimics of the high-energy
tetrahedral intermediate in reactions catalyzed by serine/threonine proteases.”>>***** In those
covalent complexes, an active-site serine or threonine residue forms a tetrahedral, sp>-hybridized
boronate ester with a boronic acid group.**’

Despite the hydration of boronic acid groups in aqueous solution® and in marked contrast
to other known boronate esters with proteins, we observe planar, sp>-hybridized boronate esters
with Ser117/117" of TTR (Figures 4.2E and 4.2F). We are aware of only one other structure in
which a planar boronate ester is formed with a hydroxyl residue of a protein (PDB entry
1p06).”° That other structure is, however, distinct because a lone pair of electrons from a
proximal histidine residue appears to participate in a dative bond with the vacant p-orbital of the
boron. The presence of a planar ester could indicate that formation of a tetrahedral adduct is
hindered sterically, unlike in the active site of a serine/threonine protease. Hence, our results
could demarcate the lower limit of affinity enhancement upon introducing boronic acid-based
inhibitors in this particular context.

Finally, we note the variable role of chloro groups on the affinity of stilbenes for TTR. A
chloro group can fill unoccupied cavities, which would otherwise compromise affinity and
efficacy.”"*** Second, the position of the chloro group in both of the ester-forming boronates
enables the formation of a halogen bond.”>® The relevant O---Cl distance is close to the sum of
the van der Waals radii (ro + r¢; = 3.27 A; Figure 4.4).**' The geometries observed in the TTR
complexes with stilbenes 4.10 and 4.11 (Table 4.15) suggest a halogen-bond energy of 0.7-0.9

kcal/mol.”* Still, the consequences of installing a chloro group on the stilbene scaffold are



133

unlike those of installing a boronic acid group, which consistently increases affinity for TTR
(vide supra). For example, the addition of a chloro group to stilbene 4.1 to form stilbene 4.3
decreases affinity, whereas the addition of a chloro group to stilbene 4.5 to form stilbene 4.7,
increases affinity. Notably, the phenolic ring of stilbene 4.5 was found to occupy two
conformations in the inner pocket of the T4-binding site, which could explain, in part, the lower
affinity of stilbene 4.5 relative to stilbene 4.7 (Figures 4.3B, 4.10, and 4.12). The judicious use of

halogen substituents in stilbene scaffolds merits additional investigation.

4.5 Conclusions

A series of paired stilbenes was designed, synthesized, and tested as ligands for TTR. These
ligands contained either a phenolic hydroxyl group or a phenylboronic acid group. We find that a
pendant boronic acid group can serve as the basis for potent small-molecule inhibitors of TTR
amyloidosis. The formation of a covalent bond with a serine residue anchors them in the
Ts-binding site in the dimer—dimer interface, enhancing efficacy compared to analogous
noncovalent ligands. These stilbene boronic acids strongly inhibit the TTR fibril-formation that
leads to amyloidosis, and their efficacy extends to V30M TTR, which is a common disease-

related variant.
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4.7 Materials and Methods

4.7.1 General Information

Tafamidis (2-(3,5-dichlorophenyl)-6-benzoxazolecarboxylic acid) was from Carbosynth Limited
(Berkshire, UK). Resveratrol (4.1), 8-anilino-1-naphthalenesulfonic acid (ANS), and other
reagents for biochemical assays were from Sigma—Aldrich (St Louis, MO). All other chemicals
were from Sigma—Aldrich (Milwaukee, WI) and were used without further purification. All
glassware was flame-dried, and all reactions were performed under an atmosphere of N»(g).
Reagent-grade solvents: dichloromethane (DCM), tetrahydrofuran (THF), triethylamine (TEA),
and dimethylformamide (DMF) were dried over a column of alumina and were removed from a
dry still under an inert atmosphere.

Flash column chromatography was performed with Silicycle 40-63 A silica (230—400 mesh),
and thin-layer chromatography (TLC) was performed with EMD 250-pum silica gel 60-Fjs4
plates. All procedures were performed in air at ambient temperature (~22 °C) and pressure (1.0
atm) unless indicated otherwise. The phrase “concentrated under reduced pressure” refers to the
removal of solvents and other volatile materials using a rotary evaporator at water aspirator
pressure (<20 torr) while maintaining a water bath below 40 °C. Residual solvent was removed
from samples at high vacuum (<0.1 torr).

'H and ">C NMR spectra were acquired with a Bruker Avance III 500i spectrometer at the
National Magnetic Resonance Facility at Madison (NMRFAM). Chemical shift data are reported
in units of 0 (ppm) relative to residual solvent. Mass spectra were acquired with an LCT
instrument (Waters) at the Mass Spectrometry Facility in the Department of Chemistry at the

University of Wisconsin—Madison.
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4.7.2 Chemical Synthesis

|
o o]
| | Os 1. triethylphosphite (neat), O

(e (@] 150 °C
N 2. NaH, DMF, 0 °C to rt N S
Br Br O
Br
4.2a

3,5-Dimethoxybenzyl bromide (1.2 g, 5.5 mmol) was dissolved in neat triethylphosphite
(1.2 mL, 6.6 mmol) and heated to 150 °C for 4 h. The reaction mixture was cooled to 0 °C and
diluted with DMF (40 mL). NaH (60% w/v in mineral oil, 0.28 g, 7.12 mmol) was added to the
resulting solution, and the reaction mixture was stirred at 0 °C for 20 min. A solution of
4-bromo-benzaldehyde (1.0 g, 5.5 mmol) in DMF (15 mL) was then added dropwise. The
reaction mixture was allowed to warm to room temperature and stirred overnight. The reaction
mixture was then diluted in EtOAc (20 mL), washed with 10% w/v citric acid (30 mL), followed
by brine (30 mL). The organic layer was separated, dried with Na;SO4(s), and filtered. The
solvent was removed under reduced pressure, and the crude product was purified by flash
column chromatography (10% v/v EtOAc in hexanes) to afford compound 4.2a as a white solid

(1.56 g, 89%).

"H NMR (500 MHz, CDCls, 6): 3.83 (s, 6H), 6.41 (s, 1H), 6.65 (s, 2H), 6.98-7.01 (d, J = 16.28
Hz, 1H), 7.01-7.04 (d, J = 16.34 Hz, 1H), 7.35-7.37 (d, J = 8.48 Hz, 2H), 7.46-7.48 (d, J = 8.51

Hz, 2H); *C NMR (100 MHz, CDCls, d): 55.42, 100.31, 104.74, 121.57, 128.03, 128.16,
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129.50, 131.92, 136.19, 139.07, 161.12; ASAP-MS (m/z): [M + H]" caled for C;H;sBrO,,

319.0329; found, 319.0331.

S BBr3;, DCM, 0 °C to rt‘ .
Br Br
4.2a 4.2b

Compound 4.2a (0.5 g, 1.6 mmol) was dissolved in DCM (7 mL), and the resulting
solution was cooled to 0 °C. A solution of 1.0 M BBr; in DCM (7.8 mL) was added dropwise at
0 °C. The reaction mixture was allowed to warm to room temperature and stirred for 4 h. The
reaction mixture was then poured carefully into a separation funnel containing ice water (~15
mL). The mixture was extracted with DCM (3 x 15 mL). The organic layers were combined and
washed with brine (15 mL), dried with Na;SO4(s), and filtered. The solvent was removed under
reduced pressure, and the crude product was suspended in ice-cold DCM. The resulting

precipitate was isolated by filtration to afford compound 4.2b as a white solid (0.326 g, 70%).

"H NMR (500 MHz, CD;0D, 6): 6.22 (s, 1H), 6.51 (s, 2H), 7.00-7.03 (d, J = 16.33 Hz, 1H),
7.04-7.07 (d, J = 16.33 Hz, 1H), 7.45-7.47 (d, J = 8.5 Hz, 2H), 7.50-7.51 (d, J = 8.5 Hz, 2H);
3C NMR (125 MHz, CD;0D, ): 103.43, 106.15, 121.97, 128.05, 129.17, 130.97, 132.78,
138.04, 140.42, 159.80; HRMS—ESI (m/z): [M — H] calcd for C 4H;BrO,, 288.9870; found,

288.9869.
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bis(pinacolato)diboron, KOAc,

HO OH
HO [ OH O
™
N Pd(dppf)Cl,, dioxane, 80 °C

o} B\O
Br ) (
4.2b 4.2c

Compound 4.2b (0.250 g, 0.858 mmol), KOAc (0.245 g, 2.57 mmol),
bis(pinacolato)diboron (0.652 g, 2.57 mmol), and Pd(dppf)Cl, (0.062 g, 0.0858 mmol) were
added to a Schlenk flask, which was then evacuated and backfilled with N»(g). Dioxane (8.5 mL)
was deoxygenated by sonication under high vacuum and backfilled with Ny(g). The
deoxygenated dioxane was then added by cannula into the reaction flask, and the reaction
mixture was heated to 80 °C and stirred overnight. The reaction mixture was then filtered, and
the solvent was removed under reduced pressure. The crude product was purified by flash
column chromatography (20% v/v EtOAc in hexanes) to afford compound 4.2¢ as a white solid

(0.245 g, 84%).

"H NMR (500 MHz, CD;OD, 6): 1.34 (s, 12H), 6.22 (s, 1H), 6.51 (s, 2H), 7.02-7.06 (d, J =
16.27 Hz, 1H), 7.06-7.10 (d, J = 16.36 Hz, 1H), 7.50-7.52 (d, J = 7.93 Hz, 2H), 7.71-7.72 (d, J
=7.79 Hz, 2H); *C NMR (125 MHz, CD;0D, 9): 25.19, 85.04, 103.42, 160.21, 126.77, 129.23,
131.16, 136.08, 140.54, 141.63, 159.75; HRMS-ESI (m/z): [M — H]" calcd for C20H,3BOu,

336.1653; found, 336.1653.
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HO OH
O HO ! OH
>

NalOy4, 1 M HCI, H,O/THF

0o
% Ho"®~oH
4.2¢ 4.2

Compound 4.2¢ (0.050 g, 0.147 mmol) was dissolved in 4:1 THF/H,O (1.5 mL). NalO4
(0.157 g, 0.739 mmol) was added to the resulting solution, followed by 1.0 M HCI (36 uL,
0.036 mmol). The reaction mixture was allowed to stir overnight. The reaction mixture was then
diluted with H,O (2 mL) and extracted with EtOAc (3 x 4 mL). The organic layers were
combined and washed with brine (10 mL), dried with Na,SOu(s), and filtered. The solvent was
removed under reduced pressure, and the crude product was purified by flash column
chromatography (3% v/v CH3;OH in DCM) to afford compound 4.2 as a white crystalline solid

(0.027 g, 67%).

"H NMR (500 MHz, CD;OD, 6): 6.20 (s, 1H), 6.50 (s, 2H), 7.95 (bs, 2H), 7.51-7.52 (d, J =
8.17 Hz, 2H), 7.60-7.62 (d, J = 8.13 Hz, 2H); *C NMR (125 MHz, CD;0D, 6): 103.32, 106.13,
126.69, 129.26, 130.67, 135.09, 140.06, 140.64, 159.78; HRMS—ESI (m/z): [M — H] calcd for

the single methyl boronic ester C;sH;sBO4, 268.1027; found, 268.1027.



139

| | o) 1. triethylphosphite (neat),
0 o) ~ 150 °C
Cl 2.NaH, DMF, 0 °C to rt

Br Br

4.4a

3,5-Dimethoxybenzyl bromide (0.74 g, 3.4 mmol) was dissolved in neat triethylphosphite
(0.7 mL, 4.0 mmol), and the resulting solution was heated to 150 °C for 4 h. The reaction
mixture was cooled to 0 °C and added to DMF (20 mL). NaH (60% w/v in mineral oil, 0.17 g,
4.36 mmol) was added to the resulting solution, and the reaction mixture was stirred at 0 °C for
20 min. A solution of 4-bromo-2-chloro benzaldehyde (0.74 g, 3.36 mmol) in DMF (10 mL) was
then added dropwise. The reaction mixture was allowed to warm to room temperature and stirred
overnight. The reaction mixture was then diluted with EtOAc (15 mL), washed with 10% w/v
citric acid (20 mL), followed by brine (20 mL). The organic layer was separated, dried with
Na;SO4(s), and filtered. The solvent was removed under reduced pressure, and the crude product
was purified by flash column chromatography (5% v/v EtOAc in hexanes) to afford compound

4.4a as a white solid (1.10 g, 91%).

"H NMR (400 MHz, CDCls, 6): 3.84 (s, 6H), 6.44 (s, 1H), 6.69 (s, 2H), 6.97-7.01 (d, J = 16.24
Hz, 1H), 7.36-7.40 (m, 2H), 7.50-7.52 (d, J = 8.42 Hz, 1H), 7.55 (s, 1H); *C NMR (100 MHz,
CDCL, d): 55.51, 100.60, 105.11, 121.37, 124.27, 127.60, 130.27, 131.89, 132.43, 134.20,
134.41, 138.81, 161.12; ASAP-MS (m/z): [M + H]" calcd for C1H4BrClO,, 352.9939; found,

352.9939.
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X
Cl
c' )

4.4a 4.4b

Br

Compound 4.4a (0.500 g, 1.42 mmol) was dissolved in DCM (14 mL), and the reaction
mixture was cooled to 0 °C. A solution of 1.0 M BBr;3 (7.10 mmol) in DCM (7.1 mL) was then
added dropwise at 0 °C. The reaction mixture was allowed to warm to room temperature and
stirred for 4 h. The reaction mixture was then poured carefully into a separation funnel
containing ice water (~10 mL) and extracted with DCM (3 x 10 mL). The organic layers were
combined and washed with brine (15 mL), dried with Na,SOu(s), and filtered. The solvent was
removed under reduced pressure, and the crude product was suspended in cold DCM (5 mL).

The resulting precipitate was filtered to afford compound 4.4b as a white solid (0.335 g, 72%)).

"H NMR (500 MHz, CD;0D, 9): 6.23, (s, 1H), 6.51 (s, 2H), 7.03-7.07 (d, J = 16.23 Hz, 1H),
7.31-7.35 (d, J = 16.23 Hz, 1H), 7.45-7.47 (d, J = 8.31 Hz, 1H), 7.60 (s, 1H), 7.67-7.69 (d, J =
8.47 Hz, 1H); ®C NMR (125 MHz, CD;OD, 6): 103.79, 106.34, 124.89, 126.71, 133.26,
133.34, 133.90, 135.91, 137.59, 140.29, 159.89; HRMS-ESI (m/z): [M —H] calcd for

Ci4H,0BrCl0O,, 322.9480; found, 322.9480.
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HO OH
ey ®
bis(pinacolato)diboron, KOAc,
X Pd(dppf)Cl,, dioxane, 80 °C

! Cl
o -

4.4b 4.4c

Y
Q7
@)

Compound 4.4b (0.100 g, 0.308 mmol), KOAc (0.088 g, 0926 mmol),
bis(pinacolato)diboron (0.235 g, 0.926 mmol), and Pd(dppf )Cl, (0.0225 g, 0.0308 mmol) were
added to a flame-dried Schlenk flask, which was then evacuated and backfilled with N»(g).
Dioxane (3.5 mL) was deoxygenated by sonication under high vacuum and backfilled with
Na(g). The deoxygenated dioxane was then added by cannula into the reaction flask, and the
reaction mixture was heated to 80 °C and stirred overnight. The reaction mixture was filtered and
the solvent was removed under reduced pressure. The crude product was purified by flash
column chromatography (2% v/v CH3OH in DCM) to afford compound 4.4¢ as a white solid

(0.080 g, 69%).

'H NMR (500 MHz, CD;OD, 6): 1.33 (s, 12H), 6.23 (s, 1H), 6.53 (s, 2H), 7.05-7.09 (d, J =
16.29 Hz, 1H), 7.40-7.44 (d, J = 16.28 Hz, 1H), 7.60-7.62 (d, J = 7.98 Hz, 1H), 7.70 (s, 1H),
7.72-7.74 (d, J = 7.83 Hz, 1H); *C NMR (125 MHz, CDsOD, 9): 25.18, 75.82, 85.42, 103.90,
106.42, 124.82, 126.88, 133.83, 133.90, 134.11, 136.74, 139.11, 140.17, 159.84; HRMS-ESI

(m/z): [M — H] calcd for C20H2,BClO4, 370.1263; found, 370.1263.
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4.4c 4.4

Compound 4.4¢ (0.050 g, 0.134 mmol) was dissolved in 4:1 THF/H,O (1.3 mL). NalO4
(0.143 g, 0.670 mmol) was added to the resulting solution, followed by 1.0 M HCI (33 pL, 0.033
mmol). The reaction mixture was then stirred overnight. The reaction mixture was diluted with
H,O (1.0 mL) and extracted with EtOAc (3 x 2 mL). The organic layers were combined and
washed with brine (6 mL), dried with Na,;SO4(s), and filtered. The solvent was removed under
reduced pressure, and the crude mixture was purified by flash column chromatography (4% v/v

CH3;0H in DCM) to afford compound 4.4 as a white crystalline solid (0.022 g, 88%).

"H NMR (500 MHz, CD;OD, 6): 6.23 (s, 1H), 6.52 (s, 2H), 7.05-7.09 (d, J = 16.20 Hz, 1H),
7.41-7.45 (d, J = 16.23 Hz, 1H), 7.54-7.56 (d, J = 7.85 Hz, 1H), 7.63 (s, 1H), 7.75-7.76 (d, J =
7.81 Hz, 1H); *C NMR (125 MHz, CD;OD, ¢): 103.77, 106.32, 124.88, 126.71, 133.26,
133.34, 133.90, 135.91, 137.59, 140.29, 159.89; HRMS-ESI (m/z): [M — H] calcd for

C14H1,BClO4, 288.0481; found, 288.0482.
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Compound 4.3 was derived from the oxidation of compound 4.4¢ with an aryl N-oxide in
one step as described previously.”® Here, compound 4.4¢ (0.020 g, 0.053 mmol) was dissolved
in DCM (0.6 mL). N,N-Dimethyl-p-toluidine-N-oxide (0.012 g, 0.081 mmol) was added to the
resulting solution, and the reaction mixture was stirred for 1 h. The solvent was removed under
reduced pressure, and the crude product was purified by flash column chromatography (15% v/v

EtOAc in hexanes) to afford compound 3 as a pale yellow solid (0.010 g, 70%).

"H NMR (500 MHz, CDsOD, 6): 6.18-6.19 (t, J = 2.15 Hz, 1H), 6.47 (s, 2H), 6.74-6.76 (d, J =
8.66 Hz, 1H), 6.82 (s, 1H), 6.82-6.85 (d, J = 14.57 Hz, 1H), 7.31-7.34 (d, J = 16.16 Hz, 1H),
7.58-7.59 (d, J = 8.64 Hz, 1H); *C NMR (125 MHz, CD;0D, 6): 103.10, 105.96, 115.92,
117.03, 124.95, 127.75, 128.32, 129.78, 134.77, 140.91, 159.08, 159.77; HRMS-ESI (m/z): [M

— HJ calced for C14H,,Cl0O3, 261.0324; found, 261.0325.
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Ethyl 3-(bromomethyl)benzoate (2.0 g, 8.7 mmol) was dissolved in neat triethylphosphite
(1.78 mL, 10.4 mmol) and heated to 150 °C for 4 h. The reaction mixture was cooled to 0 °C and
diluted with DMF (87 mL). NaH (60% w/v in mineral oil, 0.69 g, 17.46 mmol) was added to the
resulting solution, and the reaction mixture stirred at 0 °C for 20 min. A solution of
4-bromobenzaldehyde (1.62 g, 8.73 mmol) in DMF (87 mL) was then added dropwise. The
reaction mixture was allowed to warm to room temperature and stirred overnight. The reaction
mixture was then diluted in EtOAc (50 mL), washed with 10% w/v citric acid (20 mL), followed
by brine (20 mL). The organic layer was separated, dried with Na,SOu(s), and filtered. The
solvent was removed under reduced pressure, and the crude product was purified by flash
column chromatography (10 % v/v EtOAc in hexanes) to afford the 4.6a as a white solid (1.75 g,

63%).

"H NMR (500 MHz, CD;0D, 6): 3.84 (s, 3H), 6.94-6.96 (d, J = 8.70 Hz, 2H), 7.09-7.12 (d, J =
16.28, 1H), 7.20-7.25 (d, J = 16.41 Hz, 1H), 7.45-7.48 (t, J = 7.67, 1H), 7.53-7.55 (d, J = 8.62
Hz, 2H), 7.76-7.78 (d, J = 7.85 Hz, 1H), 7.88-7.90 (d, J = 7.72, 1H), 8.18 (s, 1H); *C NMR

(125 MHz, CD;0D, 9): 54.31, 113.73, 124.97, 126.93, 127.58, 127.80, 128.40, 129.13, 130.01,
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138.21, 159.72, 168.62; HRMS—ESI (m/z): M calcd for CiH;3BrO,, 316.0094; found,

316.0081.

2 M NaOH, THF/EtOH

N
Br Br
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Compound 4.6a (1.5 g, 4.7 mmol) was dissolved in 3:1 THF/EtOH (47 mL). A solution
of 2 M NaOH (4.7 mL, 9.4 mmol) was added to the resulting solution, and the reaction mixture
was stirred overnight. The reaction mixture was then diluted with EtOAc (20 mL), washed with
10% w/v citric acid (20 mL), followed by brine (20 mL). The organic layer was separated, dried
with Na;SO4(s), and filtered. The solvent was removed under reduced pressure, and the crude
product was purified by flash column chromatography (20% v/v EtOAc in hexanes) to afford

compound 4.6b as a white solid (1.36 g, 96%).

"H NMR (500 MHz, DMSO, 8): 7.33-7.36 (d, J = 16.52 Hz, 1H), 7.40-7.43 (d, J = 16.44 Hz,
1H), 7.50-7.54 (t, J = 7.68 Hz, 1H), 7.58-7.60 (d, J = 8.64 Hz, 2H), 7.63-7.61 (d, J = 8.66 Hz,
2H), 7.84-7.88 (t, J = 8.63 Hz, 2H), 8.16 (s, 1H), 13.10 (s, 1H); *C NMR (125 MHz, DMSO,
d): 121.27, 127.81, 128.68, 128.92, 129.00, 129.10, 129.51, 131.04, 132.09, 136.61, 137.66,

167.69; HRMS—ESI (m/z): M"" calcd for CysH;1BrO,, 301.9937; found, 301.9944.
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Compound 4.6b (1.0 g, 3.3 mmol), KOAc (0.971 g, 9.9 mmol), bis(pinacolato)diboron
(2.5 g, 9.9 mmol), and Pd(dppf)Cl, (0.24 g, 0.33 mmol) were added to a flame-dried Schlenk
flask, which was then evacuated and backfilled with N,(g). Dioxane (33 mL) was deoxygenated
by sonication under high vacuum and backfilled with N,(g). The deoxygenated dioxane was then
added by cannula into the reaction flask, and the reaction mixture was stirred overnight at 80 °C.
The reaction mixture was filtered, and the solvent was removed under reduced pressure. The
crude product was purified by flash column chromatography (20% v/v EtOAc in hexanes) to

afford compound 4.6¢ as a white solid (0.850 g, 73%)).

'H NMR (500 MHz, CDCls, 8): 1.36, (s, 12H), 7.22 (s, 2H), 7.46-7.50 (t, J = 7.44 Hz, 1H),
7.54-7.55 (d, J = 7.72 Hz, 1H), 7.76-7.77 (d, J = 8.12 Hz, 2H), 7.81-7.83 (d, J = 8.10 Hz, 2H),
8.00-8.01 (d, J = 8.11 Hz, 1H), 8.27-8.28 (d, J = 7.72 Hz, 1H), 8.28 (s, 1H); *C NMR (125
MHz, CDCl, 6): 24.90, 83.87, 125.97, 128.19, 128.32, 128.94, 129.28, 129.70, 130.06, 131.67,
135.23, 137.70, 139.50; HRMS—ESI (m/z): [M + NH,]" calcd for C2;Hx3BOs, 367.2064; found,

367.2062.
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Compound 6¢ (0.5 g, 1.48 mmol) was dissolved in 4:1 THF/H,O (15 mL). NalO4 (0.405
g, 1.89 mmol) was added to the resulting solution, followed by 1.0 M HCI (0.15 mL,
0.158 mmol). The reaction mixture was then stirred overnight. The reaction mixture was diluted
with HO (10 mL) and extracted with EtOAc (3 x 15 mL). The organic layers were combined
and washed with brine (20 mL), dried with Na;SO4(s), and filtered. The solvent was removed
under reduced pressure, and the crude product was purified by flash column chromatography

(10% v/v CH30H in DCM) to afford compound 4.6 as a white crystalline solid (0.345 g, 90%).

"H NMR (500 MHz, CDCl;, 9): 7.24-7.27 (d, J = 16.43 Hz, 1H), 7.28-7.32 (d, J = 16.45 Hz,
1H), 7.49-7.76 (t, J = 7.70 Hz, 1H), 7.58-7.59 (d, J = 7.94 Hz, 2H), 7.62-7.64 (d, J = 7.92 Hz,
2H), 7.80-7.82 (d, J = 7.87 Hz, 1H), 7.90-7.92 (d, J = 7.81 Hz, 1H), 8.21 (s, 1H); *C NMR
(125 MHz, CDCl;, 9): 125.51, 127.32, 127.86, 128.37, 128.51, 129.41, 130.43, 131.07, 133.70,
137.77, 138.27, 168.32; HRMS-ESI (m/z): [M — H] calcd for single methyl boronic acid

Ci6H15B0O4, 280.1026; found, 280.1033.
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Compound 6¢ (0.050 g, 0.142 mmol) was dissolved in DCM (1.4 mL). N,N-Dimethyl-p-
toluidine-N-oxide (0.032 g, 0.213 mmol) was added to the resulting solution, and the reaction
mixture was allowed to stir for 1 h. The reaction mixture was filtered, and the solvent was
removed under reduced pressure. The crude product was purified by flash column

chromatography (2% v/v MeOH in DCM) to afford compound 5 as a white solid (0.030 g, 88%).

"H NMR (500 MHz, CD;OD, ): 6.78-6.80 (d, J = 8.61 Hz, 2H), 7.02-7.05 (d, J = 16.32 Hz,
1H), 7.15-7.19 (d, J = 16.34 Hz, 1H), 7.42-7.44 (d, J = 8.26 Hz, 2H), 7.42-7.45 (t, J = 7.28 Hz,
1H), 7.73-7.75 (d, J = 7.82 Hz, 1H), 7.85-7.87 (d, J = 7.79 Hz, 1H), 8.15 (s, 1H); *C NMR
(125 MHz, CD;0D, 6): 116.52, 125.56, 128.25, 129.04, 129.10, 129.80, 130.04, 130.90, 131.42,

132.30, 139.80; HRMS-ESI (m/z): [M — H] calcd for Ci5H,03, 239.0714; found, 239.0716.
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2-Chloro-4-bromo toluene (1 g, 4.8 mmol) was dissolved in 1:1 water/fert-butanol (20
mL). KMnOy4 (1.53 g, 9.7 mmol) was added to the resulting solution, and the reaction mixture
was heated to 70 °C with a reflux condenser for 2 h. The reaction mixture was then allowed to
cool to room temperature, and more KMnOy (1.53 g, 9.7 mmol) was added. The reaction mixture
was then reheated to 70 °C in a flask with a reflux condenser and stirred overnight at 70 °C. The
warm reaction mixture was filtered, and the resulting KMnO, cake was rinsed with water (~10
mL). The filtrate was acidified to pH 3 with concentrated HCI and extracted with EtOAc (3 x 20
mL). The organic layers were combined, dried with NaSQOu(s), and filtered. The solvent was
removed under reduced pressure to afford the carboxylic acid precursor as a white solid. This
precursor was dissolved in 3 M HCI in MeOH (15 mL) and heated to reflux for 12 h. The
reaction mixture was allowed to cool to room temperature, and N»(g) was bubbled through the
solution for 20 min to remove excess HCI(g). The solvent was removed under reduced pressure,
and the crude product was purified by flash column chromatography (20% v/v EtOAc in

hexanes) to afford compound 4.8a as a colorless oil (1.15 g, 96% yield over 2 steps).

"H NMR (500 MHz, CD;0D, 6): 3.93 (s, 3H), 7.59-7.61 (d, J = 8.47 Hz, 1H), 7.76-7.77 (m,
2H); *C NMR (125 MHz, CD;OD, 6): 53.07, 127.34, 130.51, 131.41, 133.71, 134.63, 135.53,

166.72; HRMS—ESI (m/z): M"" caled for CsHgBrClO,, 247.9235; found, 247.9237.
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Compound 4.8a (1.00 g, 4.01 mmol) was dissolved in THF (47 mL), and the resulting
solution was cooled to 0 °C. 2 M LiBH4in THF (12 mL, 23.5 mmol) was then added dropwise,
followed by methanol (4 mL). The reaction mixture was allowed to warm to room temperature
and stirred overnight. The reaction mixture was quenched by adding EtOAc (20 mL) dropwise,
followed by water (15 mL), and then acidification to pH 5 with 1.0 M HCI. The resulting lithium
salts were removed by filtration, and the filtrate was extracted with EtOAc (3 x 15 mL). The
organic layers were combined, dried with NaSQOy(s), and filtered. The solvent was removed under
reduced pressure, and the crude product was purified by flash column chromatography (20% v/v

EtOAc in hexanes) to afford compound 4.8b as a white solid (0.843 g, 95%).

"H NMR (500 MHz, CDCls, 6): 1.91 (bs, 1H), 4.74 (s, 2H), 7.38-7.39 (d, J = 8.22 Hz, 1H),
7.42-7.44 (d, J = 8.23, 1H) 7.53 (s, 1H); *C NMR (500 MHz, CDCls, 5): 62.48, 121.68, 129.93,
130.42, 132.05, 133.54, 137.43; HRMS—ESI (m/z): M"" calcd for C;HeOBrCl, 219.9286; found,

219.9282.
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Compound 4.8b (0.5 g, 2.28 mmol) was dissolved in DCM (22 mL). Pyridinium
dichromate (PDC, 2.57 g, 6.84 mmol) was added to the resulting solution, and the reaction
mixture was allowed to stir overnight. The reaction mixture was then filtered through a pad of
Celite®™, and the solvent was removed under reduced pressure. The crude product was purified by

flash column chromatography (10% v/v EtOAc in hexanes) to afford compound 4.8¢ as a white

solid (0.440 g, 88%).

"H NMR (500MHz, CDCl,, d): 7.54-7.55 (d, J = 8.25 Hz, 1H), 7.66 (s, 1H), 7.78-7.80 (d, J =
8.32 Hz, 1H), 10.42 (s, 1H); *C NMR (125 MHz, CDCls, 6): 129.78, 130.55, 131.09, 131.45,
133.49, 138.71, 188.95; ASAP-MS (m/z): [M+H]" calcd for C;H4BrClO, 218.9207; found,

218.9216.
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Ethyl 3-(bromomethyl)benzoate (1.04 g, 4.55 mmol) was dissolved in neat
triethylphosphite (0.9 mL, 5.46 mmol), and the resulting solution was heated to 150 °C for 4 h.
The reaction mixture was cooled to 0 °C and diluted with DMF (40 mL). NaH (60% w/v in
mineral oil, 0.23 g, 5.91 mmol) was added to the resulting solution, and the reaction mixture was
stirred at 0 °C for 20 min. A solution of 4-bromo-2-chlorobenzaldehyde (4.8c; 1.0 g, 4.6 mmol)
in DMF (5 mL) was added dropwise. The reaction mixture was then allowed to warm to room
temperature and stirred overnight. The reaction mixture was diluted in EtOAc (5 mL), washed
with 10% w/v citric acid (5 mL), followed by brine (5 mL). The organic layer was separated,
dried with Na,;SOq(s), and filtered. The solvent was removed under reduced pressure, and the
crude product was purified by flash column chromatography (10% v/v EtOAc in hexanes) to

afford compound 4.8d as a white solid (1.3 g, 83%)).

"H NMR (500MHz, CDCls, 8): 3.95 (s, 3H), 7.08-7.11 (d, J = 16.31 Hz, 1H), 7.39-7.41 (d, J =
8.53 Hz, 1H), 7.44-7.47 (t, J= 8.02 Hz, 1H), 7.45-7.49 (d, J = 16.56 Hz, 1H), 7.53-7.55 (d, J =
8.45 Hz, 1H), 7.56 (s, 1H), 7.71-7.73 (d, J = 7.73 Hz, 1H), 7.96-7.97 (d, J = 7.70 Hz, 1H), 8.19

(s, 1H); ®C NMR (125 MHz, CDCls, 8): 52.43, 121.70, 125.02, 127.66, 128.15, 129.02, 129.35,
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130.39, 130.88, 131.12, 132.55, 134.26, 134.35, 137.19, 167.02; HRMS-ESI (m/z): [M + NH4]"

calcd for C14H,BrCIlO,, 368.0048; found, 368.0053.
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Compound 4.8d (1.34 g, 3.83 mmol) was dissolved in 3:1 THF/EtOH (40 mL). 2.0 M
NaOH (3.3 mL, 7.7 mmol) was added to the resulting solution, and the reaction mixture was
stirred overnight. The reaction mixture was diluted with EtOAc (20 mL), washed with 10% w/v
citric acid (30 mL), followed by brine (30 mL). The organic layer was separated, dried with
NaSO4(s), and filtered. The solvent was removed under reduced pressure, and the crude product
was purified by flash column chromatography (20% v/v EtOAc in hexanes) to afford compound

4.8e as a white solid (1.22 g, 95%)).

"H NMR (500 MHz, DMSO, 9): 7.42-7.45 (d, J = 16.39 Hz, 1H), 7.47-7.50 (d, J = 16.41 Hz,
1H), 7.53-7.56 (t, J= 7.71 Hz, 1H), 7.60-7.62 (d, J = 8.54, 1H), 7.79 (s, 1H), 7.86-7.88 (d, J =
8.63 Hz, 1H), 7.88-7.92 (t, J = 7.86, 2H), 8.15 (s, 1H), 13.01 (bs, 1H); *C NMR (125 MHz,
DMSO, ): 121.99, 124.85, 128.89, 129.10, 129.94, 130.17, 131.41, 131.73, 132.08, 132.38,
132.87, 134.61, 135.22, 138.07, 167.31; HRMS-ESI (m/z): [M — H] calcd for C;sH;oBrClO,,

334.9479; found, 334.9476.
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Compound 4.8 (0.200 g, 0.580 mmol), KOAc (0.171 g, 1.791 mmol),
bis(pinacolato)diboron (0.45 g, 1.79 mmol), and Pd(dppf)Cl, (0.043 g, 0.059 mmol) were added
to a flame-dried Schlenk flask, which was then evacuated and backfilled with Ny(g). Dioxane
(6 mL) was deoxygenated by sonication under high vacuum and backfilled with Ny(g). The
deoxygenated dioxane was then added by cannula into the reaction flask, and the reaction
mixture was stirred overnight at 80 °C. The reaction mixture was filtered, and the solvent was
removed under reduced pressure. The crude product was purified by flash column
chromatography (1% v/v CH30H in DCM) to afford compound 4.8f as a white solid (0.183 g,

82%).

"H NMR (500 MHz, CD;0D, 6): 1.36 (s, 12H), 7.33-7.36 (d, J = 16.30 Hz, 1H), 7.49-7.52 (t, J
=8.41 Hz, 1H), 7.61-7.64 (d, J = 16.47 Hz, 1H), 7.66-7.67 (d, J = 7.46, 1H), 7.73 (s, 1H), 7.83—
7.85 (d, J = 7.75 Hz, 2H), 7.95-7.97 (d, J = 7.73, 1H), 8.24 (s, 1H); *C NMR (125 MHz,
CD;0D, J): 25.19, 85.51, 126.33, 127.18, 129.00, 130.07, 130.41, 132.16, 132.61, 134.18,
136.79, 138.74, 138.86, 169.56; HRMS—ESI (m/z): [M + NH,]" caled for CpHyBClO,,

401.1675; found, 401.1666.



156

NalO,, 1 M HCI, H,O/THF

>

Compound 4.8f (0.100 g, 0.260 mmol) was dissolved in 4:1 THF/H,O (2.6 mL). NalO4
(0.28 g, 1.30 mmol) was added to the resulting solution, followed by 0.02 mL of 1.0 M HCI
(0.02 mmol). The reaction mixture was then stirred overnight. The reaction mixture was diluted
with H,O (2 mL) and extracted with EtOAc (3 x 3 mL). The organic layers were combined and
washed with brine (5 mL), dried with Na,;SO4(s), and filtered. The solvent was removed under
reduced pressure, and the crude product was purified by flash column chromatography (1-3%

v/v CH30H in DCM) to afford compound 4.8 as a white crystalline solid (0.058 g, 75%).

"H NMR (500 MHz, CD;OD, 6): 7.32-7.35 (d, J = 16.37 Hz, 1H), 7.51-7.54 (t, J = 7.73 Hz,
1H), 7.51-7.67 (m, 3H), 7.84-7.85 (d, J = 7.29 Hz, 2H), 7.97-7.98 (d, J = 7.76 Hz, 1H), 8.25 (s,
1H); *C NMR (125 MHz, CD;0D, 6): 126.41, 126.94, 128.93, 130.04, 130.29, 132.07, 132.63,
133.31, 134.12, 135.95, 137.29, 138.82, 169.61; HRMS—ESI (m/z): [M — H] calcd for the single

methyl boronic ester C;sH14BClO4,314.0637; found, 314.0635.
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Compound 8f (0.100 g, 0.259 mmol) was dissolved in DCM (2.6 mL). N,N-Dimethyl-p-
toluidine-N-oxide (0.060 g, 0.389 mmol) was added to the resulting solution, and the reaction
mixture was then stirred overnight. The solvent was removed under reduced pressure, and the
crude product was purified by flash column chromatography (2% v/v MeOH in DCM) to afford

compound 7 as a white solid (0.051 g, 72%)).

"H NMR (500 MHz, CD;0D, 6): 6.77-6.68 (d, J = 8.63 Hz, 1H), 6.84 (s, 1H), 7.06-7.10 (d, J =
16.34 Hz, 1H), 7.45-7.48 (t, J = 7.72 Hz, 1H), 7.49-7.52 (d, J= 16.31 Hz, 1H), 7.65-7.67 (d, J =
8.63 Hz, 1H), 7.75-7.77 (d, J = 7.91 Hz, 1H), 7.89-7.91 (d, J = 7.78 Hz, 1H), 8.17 (s, 1H); C
NMR (125 MHz, CD;0D, 6): 115.98, 117.09, 126.42, 127.43, 128.47, 128.48, 128.58, 129.60,
129.92, 131.70, 132.43, 135.06, 139.41, 159.45, 169.74; HRMS—ESI (m/z): [M — H] calcd for

Ci5H1:Cl0s3, 273.0324; found, 273.0327.
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4-Bromo-1-(bromomethyl)-2-chloro-benzene (0.300 g, 1.05 mmol) was dissolved in neat
triethylphosphite (0.217 mL, 1.26 mmol) and heated to 150 °C for 4 h. The reaction mixture was
then cooled to 0 °C and diluted with DMF (8 mL). NaH (60% w/v in mineral oil, 0.054 g, 1.36
mmol) was added to the resulting solution, and the reaction mixture was stirred at 0 °C for
20 min. A solution of 4-bromo-2-chloro-benzaldehyde (4.8¢; 0.230 g, 1.05 mmol) in DMF
(2.5mL) was then added dropwise. The reaction mixture was allowed to warm to room
temperature and stirred overnight. The reaction mixture was diluted with EtOAc (8 mL), washed
with 10% w/v citric acid (10 mL), followed by brine (10 mL). The organic layer was then
separated, dried with Na;SO4 (s), and filtered. The solvent was removed under reduced pressure,
and the crude product was suspended in cold DCM (10 mL). The resulting precipitate was

collected by filtration to afford compound 4.10a as a white solid (0.306 g, 72% yield).

"H NMR (500 MHz, CDCls, 6): 7.39 (s, 2H), 7.41-7.43 (d, J = 8.42 Hz, 2H), 7.58 (s, 2H), 7.58—
7.59 (d, J = 7.12 Hz, 2H); *C NMR (125 MHz, CDCls, ): 121.99, 126.70, 127.83, 130.35,
132.45, 133.89, 134.30; ASAP-MS (m/z): M™ caled for Ci;HgBr,Cl, 403.8365; found,

403.8367.
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Compound 4.10a (0.050 g, 0.123 mmol), KOAc (0.071 g, 0.742 mmol),
bis(pinacolato)diboron (0.187 g, 0.742 mmol), and Pd(dppf)Cl, (9 mg, 0.012 mmol) were added
to a flame-dried Schlenk flask, which was then evacuated and backfilled with N,(g). Dioxane (2
mL) was deoxygenated by sonication under high vacuum and backfilled with N(g). The
deoxygenated dioxane was then added by cannula into the reaction flask, and the reaction
mixture was heated to 80 °C and stirred overnight (Note: higher yields of the diboronated
product were found at more dilute reaction concentrations). The reaction mixture was filtered,
and the solvent was removed under reduced pressure. The crude product was purified by flash
column chromatography (50% v/v DCM in hexanes) to afford 4.10b as a white solid (0.056 g,

92%).

'H NMR (500 MHz, CDCls, 6): 1.35 (s, 24H), 7.56 (s, 2H), 7.67-7.69 (d, J = 7.76 Hz, 2H),
7.73-7.75 (d, J = 7.85 Hz, 2H), 7.83 (s, 2H); *C NMR (125 MHz, CDCls, J): 24.88, 84.18,
126.17, 127.94, 133.02, 133.45, 136.06, 137.45; ASAP-MS (m/z): [M + H]" calcd for

Cy6H3,B,C1,04, 499.2009; found, 499.2001.
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o._.0 HO_ _OH
B B

Cl l

NalO,, 1 M HCI, H,O/THF

Cl I
A

X
] cl cl
B, B,

%_@ HO™ “OH

4.10b 410

Compound 4.10b (0.020 g, 0.040 mmol) was dissolved in 4:1 THF/H,O (0.6 mL). NalO4
(0.042 g, 0.200 mmol) was added to the resulting solution, followed by a few drops of 1.0 M
HCI. The reaction mixture was then stirred overnight. The reaction mixture was then diluted with
H,O (1 mL) and extracted with EtOAc (3 x 2 mL). The organic layers were combined and
washed with saturated brine (3 mL), dried with Na,SOu(s), and filtered. The solvent was
removed under reduced pressure, and the crude product was purified by flash column
chromatography (3% v/v CH30OH in DCM) to afford compound 4.10 as a white crystalline solid

(0.010 g, 74%).

"H NMR (500 MHz, CD;OD, §): 7.59 (s, 1H), 7.59-7.60 (d, J = 8.42 Hz, 2H), 7.66 (s, 1H),
7.78-7.80 (d, J = 7.78 Hz, 2H); *C NMR (125 MHz, CD;0D, 6): 127.14, 128.69, 133.38,

134.25, 135.98; MALDI-MS (m/z): M"" caled for C4H;,B,Cl1,04, 336.03; found, 336.00.
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4.10b 4.9

Compound 4.10b (0.020 g, 0.040 mmol) was dissolved in DCM (0.5 mL). N,N-Dimethy]l-
p-toluidine-N-oxide (0.018 g, 0.120 mmol) was added to the resulting solution, and the reaction
mixture was stirred for 1 h. The solvent was removed under reduced pressure, and the crude

product was purified by flash column chromatography (2% v/v MeOH in DCM) to afford

compound 4.9 as a white solid (9 mg, 80%).

'H NMR (500 MHz, CDsOD, 9): 6.75-6.77 (d, J = 8.61 Hz, 2H), 6.83 (s, 2H), 7.24 (s, 2H),
7.55-7.57 (d, J = 8.59 Hz, 2H); *C NMR (125 MHz, CD;OD, 9): 115.93, 117.07, 125.22,

128.00, 128.36, 134.73, 159.09; HRMS-ESI (m/z): [M — H] calcd for Ci4H0C1,0O,, 278.9985;

found, 278.9985.
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0 1. triethylphosphite (neat), O
Br =~ 150 °C
Cl 2.NaH, DMF,0°Ctort X
+ -
Cl
Br Br O
Br

4.8¢c 4.11a

3-Bromobenzyl bromide (0.500 g, 2.00 mmol) was dissolved in neat triethylphosphite
(0.411 mL, 2.4 mmol), and the resulting solution was heated to 150 °C for 4 h. The reaction
mixture was cooled to 0 °C and then diluted with DMF (10 mL). NaH (60% w/v in mineral oil,
0.096 g, 2.4 mmol) was added to the resulting solution, and the reaction mixture stirred at 0 °C
for 20 min. A solution of 4-bromo-2-chloro-benzaldehyde (4.8¢; 0.447 g, 2.04 mmol) in DMF
(10 mL) was then added drop-wise. The reaction mixture was allowed to warm to room
temperature and stirred overnight. The reaction mixture was diluted in EtOAc (20 mL), washed
with 10% w/v citric acid (30 mL), followed by brine (30 mL). The organic layer was separated,
dried with Na,;SOq(s), and filtered. The solvent was removed under reduced pressure, and the
crude product was suspended in ice-cold DCM (5 mL). The resulting precipitate was collected

by filtration to afford compound 4.11a as a white solid (0.514 g, 69%).

'H NMR (500 MHz, CD;OD, 9): 7.09-7.13 (d, J = 16.3 Hz, 1H), 7.26-7.29 (d, J = 12.53 Hz,
2H), 7.35-7.39 (t, J = 7.61 Hz, 1H), 7.53 (s, 3H), 7.61-7.63 (d, J = 7.74 Hz, 1H), 7.79 (s, 1H);
3C NMR (125 MHz, CD;O0D, ): 124.42, 125.32, 126.40, 127.54, 127.67, 131.61, 131.80,
131.80, 132.97, 134.94, 135.71, 141.09; ASAP-MS (m/z): M"" calcd for C14HoBroCl, 369.8754;

found, 369.8740.
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b

O Cl Cl
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4.11a 411b

Compound 4.11a (0.100 g, 0.270 mmol), KOAc (0.152 g, 1.62 mmol),
bis(pinacolato)diboron (0.410 g, 1.62 mmol), and Pd(dppf)Cl, (0.0270 g, 0.020 mmol) were
added to a flame-dried Schlenk flask, which was then evacuated and backfilled with N,(g).
Dioxane (3.6 mL) was deoxygenated by sonication under high vacuum and backfilled with
Na(g). The deoxygenated dioxane was then added by cannula into the reaction flask, and the
reaction mixture was heated to 80 °C and stirred overnight. The reaction mixture was filtered,
and the solvent was removed under reduced pressure. The crude product was purified by flash
column chromatography (2% v/v DCM in hexanes) to afford 4.11b as a white solid (0.111 g,

87%).

"H NMR (500 MHz, CD;0D, d): 1.36 (s, 12H), 1.38 (s, 12H), 7.27-7.30 (d, J = 16.29 Hz, 1H),
7.38-7.41 (t, J = 7.47 Hz, 1H), 7.55-7.58 (d, J = 16.30 Hz, 1H), 7.64-7.66 (d, J = 7.73 Hz, 1H),
7.67-7.70 (t, J = 7.88 Hz, 2H), 7.72 (s, 1H), 7.81-7.82 (d, J = 7.75 Hz, 1H), 7.96 (s, 1H);
3C NMR (125 MHz, CD;OD, 6): 26.45, 26.48, 50.43, 50.60, 86.55, 86.74, 126.43, 128.29,
130.59, 132.18, 134.79, 135.29, 135.31, 135.40, 136.90, 138.03, 138.91, 140.44; HRMS-ESI

(m/z): [M + NH,]" caled for CagHs3B,ClO,, 484.2607; found, 484.2600.
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Compound 4.11b (0.100 g, 0.214 mmol) was dissolved in 4:1 THF/H,O (2.1 mL). NalO4
(0.227 g, 1.07 mmol) was added to the resulting solution, followed by a few drops of 1.0 M HCI.
The reaction mixture was then stirred overnight. The reaction mixture was diluted with H,O (2
mL) and extracted with EtOAc (3 x 2 mL). The organic layers were combined and washed with
brine (4 mL), dried with Na;SOu(s), and filtered. The solvent was removed under reduced
pressure, and the crude product was purified by flash column chromatography (2% v/v CH;0H

in DCM) to afford compound 4.11 as a white crystalline solid (0.040 g, 63%).

"H NMR (500 MHz, CD;OD, ¢): 7.24-7.27 (d, J = 16.3 Hz, 1H), 7.37-7.40 (t, J = 7.57 Hz,
1H), 7.52-7.57 (m, 3H), 7.63-7.64 (d, J = 4.84 Hz, 2H), 7.79 (s, 2H); *C NMR (125 MHz,
CD;OD, 9): 125.12, 126.78, 128.85, 129.02, 129.16, 129.80, 133.24, 133.95, 134.31, 135.93,
137.64; HRMS-ESI (m/z): [M — H] calcd for the single methyl boronate ester C;sH;4B,ClO4,

315.0772; found, 315.0772.
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4.7.3 Protein Expression and Purification

Plasmids that direct the expression of wild-type TTR and its V30M variant were prepared
in the pET32b vector from Merck KGaA (Darmstadt, Germany) by standard methods.”*® To
create the plasmid encoding V30M TTR, two double-stranded DNA fragments were prepared by
PCR using complementary primers containing V30M-generating substitutions and gene-specific
primers targeting opposite termini for assembly with the plasmid fragment. Wild-type TTR and
its V30M variant were produced in Escherichia coli strain BL-21 from Merck KGaA cultured in
Luria—Bertani medium containing ampicillin (200 uM) at 37 °C. Gene expression was induced
when ODgpp nm reached ~2.0, and cells were then grown for an additional 4 h at 37 °C. Cell
pellets were resuspended in 20 mM Tris—HCI buffer, pH 7.4, containing EDTA (1.0 mM) and
lysed with a high-pressure cell disruptor from Constant Systems (Kennesaw, GA). The soluble
fraction was isolated by centrifugation for 10 min at 10,500g and for 1 h at 30,000g.

257 with

Wild-type TTR and its V30M variant were purified as described previously,
minor modifications. The lysate was fractionated with aqueous ammonium sulfate at 60-85%
saturation. The precipitate was dissolved in 20 mM Tris—HCI buffer, pH 7.8, containing EDTA
(1.0 mM) and dialyzed overnight against this same buffer. The isolate was clarified at 30,000g
for 30 min, filtered, and applied to a Hitrap Q HP column from GE Healthcare Life Sciences
(Pittsburgh, PA) that had been equilibrated with the dialysis buffer. TTR was eluted with the
same buffer containing NaCl (1.0 M) and was subjected to gel-filtration chromatography on a
Superdex 75 column from GE Healthcare Life Sciences (Pittsburgh, PA) that had been pre-
equilibrated with 10 mM sodium phosphate buffer, pH 7.6, containing KCl (100 mM). Pure

tetrameric TTR eluted at ~0.6 column volumes. The concentration of wild-type TTR and its

V30M variant was determined from the A0 nm by using ¢ = 18.5 X 10° M'cm™ and confirmed
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with a bicinchoninic acid (BCA) assay using a kit from Pierce Biotechnology (Rockford, IL).

4.7.4 Competitive Fluorescence Assay

Fluorescence measurements were performed with a Photon Technology International
Quantamaster spectrofluorometer (Edison, NJ). Wild-type TTR was found to form a complex
with ANS that has a Ky value of 3.2 pM (data not shown).”® To determine the affinity for
ligands, wild-type TTR was incubated in 2.00 mL of 10 mM sodium phosphate buffer, pH 7.6,
containing KCI (100 mM) and ANS (0.50 or 5.0 uM) until the fluorescence signal (excitation:
410 nm; emission: 460 nm) was stable (~30 min). A ligand (1 nM—10 uM) was then added in
aliquots (5 pL) from a stock solution in dimethyl formamide (DMF). The fluorescence intensity
at each ligand concentration was recorded before adding the next dose. Average intensities were
adjusted for the dilution incurred upon adding ligand and were expressed as a percent change
from the initial measurement.

The data did not fit well to the one- or two-site competitive binding models used
previously to describe other systems.”® The asymmetric behavior is likely a consequence of two
distinct binding events. The steepest inflection point at higher ligand concentrations can be
attributed to the half-maximal concentration required to compete ANS from the second binding
site. The Prusoff-Cheng relation was used to account for this competition, resulting in a logistic

equation:**’

%l — %lo

[aNS] \) .
(1 N 10n<10g (Kd,2<1 + Kd,ANS)) [llgand]>>

%Al = %I, + . (1)
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where K4 is the equilibrium dissociation constant of the second site, n is the Hill coefficient, and
S is the symmetry parameter. Values of Ky, were determined with Prism 6 software from
Graphpad (La Jolla, CA) by holding constant the ligand concentration, ANS concentration, and
Kaans = 3.2 uM and varying other parameters to maximize the value of RZ, which was >0.99 for
all datasets. The value of Kq» = (373 £ 10) nM for the TTR-tafamidis complex determined with
this method is similar to the value of K4y = 278 nM determined with isothermal titration

calorimetry.”*’

Values of Ky4; were not obtainable by this method due to the small change in
fluorescence intensity upon binding to the first site, though modest inflection points were

observed in the low nanomolar range (Figure 4.5).

4.7.5 Fibril Formation Assay

Light-scattering at 400 nm was used to assess the formation of fibrils under acidic
conditions, as described previously.”® Ligands were incubated with TTR (7.2 or 14.4 uM) for 30
min prior to twofold dilution with 50 mM sodium acetate buffer, pH 4.4, containing KCI (100
mM). Absorbance at 400 nm was measured ten times with four replicates in clear, flat-bottomed,
96-well plates at 0 and 96 h using an M 1000 plate reader from Tecan (Maennedorf, Switzerland).
Percent fibril formation was calculated from the difference in the light scattering that
accumulated after 96 h in ligand-containing wells versus wells containing only vehicle (DMF),

using the equation:

_ . A400 nm,ligand,96 h~ 4400 nm,ligand,0 h
% fibril formation = = —BR2 X 100% (2)

A400 nm,DMF,96 h— 4400 nm,DMF,0 h

Standard deviations from the four replicates were propagated through this calculation.
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4.7.6 Protein Crystallization and X-ray Structure Determination

Crystals were grown using vapor diffusion of wild-type TTR (~6.0 mg/mL in 10 mM
sodium phosphate buffer, pH 7.6, containing 100 mM KCI) and stilbenes 4.2—4.8, 4.10, or 4.11
(7.2 mM, added from a stock solution in DMF). Hanging drops (2 uL protein-ligand solution + 2
uL mother liquor) above a reservoir of 1.0-1.3 M sodium citrate buffer, pH 5.5, containing

glycerol (1-3% v/v)*®

yielded crystals after 1-3 days. TTR precipitated in the presence of
stilbene 4.9 (7.2 mM). Crystals were cryoprotected by brief transfer into a solution of 1.5 M
sodium citrate buffer, pH 5.5, containing glycerol (10% v/v). Diffraction data were collected at
Sector 21 of the Life Sciences Collaborative Access Team (LS-CAT) at the Advanced Photon
Source of Argonne National Laboratory (Argonne, IL). Data were reduced using HKL2000
(Tables 4.5-4.13).%°'! Boronate ester restraints were obtained by measuring the bond lengths and
angles from ten CSD small-molecule structures (Table 4.4). Initial phases were obtained by
molecular replacement using the protein atoms of Protein Data Bank (PDB) entry 2qgb as a
model.**’ Refinement and model building were conducted with the programs Phenix and Coot
(Tables 4.5-4.13 and Figures 4.7-4.15).°**% Ligand models in idealized geometries were
prepared with the program WebMO, and restraints were prepared in Phenix with the program
eLBOW. Restraints generated by eLBOW were modified to impose planarity on the four carbon
atoms in the olefin of the stilbene and on the carbon, boron, and two oxygen atoms in a boronic
acid group. Short interatomic distances in TTR-ligand complexes are listed in Table 4.14.

Atomic coordinates and structure factors for all nine TTR-ligand complexes have been deposited

in the PDB.
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'H NMR (CD;0D) and "*C NMR (CD;0D) of Compound 4.2b
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'H NMR (CD;0D) and "*C NMR (CD;0D) of Compound 4.2¢

Tee—

88—

=£0'¢

i

_—_

= 16

= y07

66°¢-
£ 86

= ¥0'¢
= 00

0.0 -0.5

0.5

f1 (ppm)

61°57—

¥0'58—

L eE0T—
12°90T—

10971—
€621
9T'1eT/
80°9£T~
PSPy
€9 TpI—

SL'65T—

10

40

50

60

T
80

T
100

T
110

T
120

T
130

T
140

T
150

T
160

T
170

f1 (ppm)



172

'H NMR (CD;0D) and "*C NMR (CD;0D) of Compound 4.2
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'H NMR (CDCl;) and °C NMR (CDCls) of Compound 4.4a
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'H NMR (CD;0D) and "*C NMR (CD;0D) of Compound 4.4b
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'H NMR (CD;0D) and "*C NMR (CD;0D) of Compound 4.4
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'H NMR (CD;0D) and "*C NMR (CD;0D) of Compound 4.3
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'H NMR (DMSO) and *C NMR (DMSO) of Compound 4.6b
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'H NMR (CDCl;) and *C NMR (CDCls) of Compound 4.8d
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'H NMR (DMSO) and *C NMR (DMSO) of Compound 4.8
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'H NMR (CD;0D) and "*C NMR (CD;0D) of Compound 4.7
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Table 4.2 Interaction of Diphenols 4.1-4.4 with Wild-type TTR and its V30M Variant

wild-type TTR V30M TTR
compound Kix(M)  %FF 1:1°  %FF 2:1°  %FF 1:1° %FF 2:1° binding mode”
4.1 (resveratrol) 472 +29 28+ 8 9+2 53£12 26+ 4 forward
4.2 473 £ 16 21+4 9+2 48 £11 23+6 reverse
4.3 728 £ 22 22+4 7+3 44 £ 10 14+4 forward
4.4 441 +£5 19+4 4+2 36 +8 12+3 reverse

“04FF, percent fibril formation. "“forward”: upper phenyl ring depicted in Scheme 4.1 lies in the
outer pocket of the T4-binding site, according to X-ray diffraction analysis (Figures 4.2 and 4.3);
“reverse”: upper ring lies in the inner pocket.”'°
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Table 4.2 Interactions of Carboxylic Acids 4.5—4.8 with Wild-type TTR and its V30M Variant

wild-type TTR V30M TTR
compound Kix(M)  %FF 1:1°  %FF 2:1°  %FF 1:1° %FF 2:1° binding mode”
4.5 1763 +140 75=+24 77+ 14 112 £25 120+ 32  forward
4.6 986 + 15 21+4 11+2 48 +12 28+8 reverse
4.7 469 £ 10 21+4 3+1 41 £10 9+2 forward
4.8 451+ 9 16+4 4+1 32+9 10+2 reverse

“04FF, percent fibril formation. "“forward”: upper phenyl ring depicted in Scheme 4.2 lies in the
outer pocket of the T4-binding site, according to X-ray diffraction analysis (Figures 4.2 and 4.3);
“reverse”: upper ring lies in the inner pocket.”'°
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Table 4.3 Interactions of Compounds 4.9—-4.12 with Wild-type TTR and its V30M Variant

wild-type TTR V30OM TTR
compound Kio (M)  %FF 1:1° %FF 2:1°  %FF 1:1° %FF 2:1°  binding mode”
4.9 819+ 12 306 12+£2 62+16 27+10 ND*
4.10 469 + 27 203  3+£3 32+9 8+3 symmetric/covalent
4.11 794 + 33 264 10+3 54+16 16 £5 forward/covalent
4.12(tafamidis) 373 £ 11 22+5 0+£6 5+£13 87 forward”

“04FF, percent fibril formation. "“forward”: upper phenyl ring depicted in Scheme 4.3 lies in the
outer pocket of the Ts-binding site, according to X-ray diffraction analysis (Figure 4.2);
“reverse”: upper ring lies in the inner pocket.”'® °ND, not determined. “Ref. *.



Scheme 4.1 Diphenol Ligands
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Scheme 4.2 Carboxylic Acid Ligands
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Scheme 4.3 Diboronic Acid and Related Ligands
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Figure 4.1
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Figure 4.1 Three-dimensional structure of the TTR resveratrol complex. TTR monomers (tan,
red, green, and purple ribbons) have a B-sandwich fold and assemble into a tetramer, which binds
to two molecules of resveratrol (ball-and-stick). The rings of resveratrol (4.1) occupy inner and
outer pockets of the two T4-binding sites at the dimer—dimer interfaces. The image was created
with the program PyMOL and PDB entry 1dvs.””’
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Figure 4.2 Three-dimensional structures of TTR-ligand complexes that contain a boronic acid
group. One monomer (chain B) of the TTR tetramer is shown, and is in the same orientation in
each panel. The main chain of TTR is rendered as a ribbon, and the side chains of Lys15 and
Ser117 are shown explicitly. Ligands are depicted in a ball-and-stick rendition with CPK
coloring and boron atoms labeled explicitly. Alternative conformations of Ser117 or the ligand
are shown in some panels. Arrows indicate the O;17-B bond in the TTR-4.10 and TTR-4.11
complexes. Images were created with the program PyMOL. (A) TTR-4.2 (PDB entry 5u48).
(B) TTR-4.4 (5uda). (C) TTR-4.6 (5u4c). (D) TTR-4.8 (5ude). (E) TTR-4.10 (5u4f). (F)
TTR-4.11 (Sudg).
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Figure 4.3




209

Figure 4.3 Three-dimensional structures of TTR-ligand complexes that do not contain a boronic
acid group. One monomer of the TTR tetramer is shown, and is in the same orientation in each
panel. The main chain of TTR is rendered as a ribbon, and the side chains of Lys15 and Ser117
are shown explicitly. Ligands are depicted in a ball-and-stick rendition with CPK coloring.
Alternative conformations of Ser117 or the ligand are shown in panels B and C. Images were
created with the program PyMOL. (A) TTR-4.3 (PDB entry 5u49, chain A). (B) TTR 4.5 (5u4b,
chain B). (C) TTR-4.7 (5u4d, chain B).
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Figure 4.4
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Figure 4.4 Halogen-bonding interactions in the TTR-4.10 and TTR-4.11 complexes. One
monomer (chain B) of the TTR tetramer is shown. Chloro groups in the two ester-forming
boronates exhibit C—Cl---Oj¢s" angles that are nearly linear and Cl--- O,¢s" distances (dashed
yellow lines) that are 3.6-3.8 A (Table S12). Images were created with the program PyMOL. (A)
TTR-4.10 (PDB entry 5Su4f). (B) TTR-4.11 (5u4dg).
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Figure 4.5 Graphs showing the results of ANS competition assays. (A) Compounds 4.1-4.4.
(B) Compounds 4.5-4.8. (C) Compounds 4.9—4.12. Data were fitted to eq 1 to derive values of
K, (Table 1); R? > 0.99 for each dataset.
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Figure 4.6
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Figure 4.6 Graphs showing the results of 96-h fibril-formation assays at two different
TTR:compound ratios. (A) Compounds 4.1-4.4. (B) Compounds 4.5-4.8. (C) Compounds 4.9—
4.12. Error bars represent the standard deviation of 16 measurements propagated through eq 2.



ad
Ho/ o, _,

BT R

R B
CSD eniry «® BC) dA) n
DOFLIU 124 123 1.37 2
DOFLOA 125 124 1.37 2
DOFLUG 122 123 1.38 4
HOXPOA 120 120 1.37 2
LUKWUK 118 120 1.36 1
NEYVIX 119 121 1.36 1
QEHMAT 119 120 1.35 1
REZYEA 119 122 1.36 4
TOMKAJ 118 112 1.39 2
WUMCAK 118 109 1.37 1
Mean + SD 1203 119+5 1.37+0.02
Ligand Chain  a (°) B(°) d(A)
4.10 A 116 109 1.44
4.10 B 116 108 1.37
4.11 A 121 116 1.42
4.11 B 124 109 1.43
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Table 4.4 Bond angles and bond lengths of planar boronic esters in small-molecule crystal
structures in the Cambridge Structural Database (CSD) and in protein co-crystal structures
reported in this work. The parameter » refers to the number of B-OR’ bonds in the structure. The
means values of the bond angles a and S, and the bond length g or' from these small-molecule
structures were used in the refinement of X-ray diffraction data from the TTR-4.10 and
TTR-4.11 complexes with the program phenix refine.



Table 4.5 Crystallographic data collection and refinement statistics for

TTR in complex with 4.2.
Complex 4.2
PDB Code 5u48

Data Collection

X-Ray Source

Detector

Wavelength (A)
Resolution, last shell (A)
Space group

Unit cell, a, b, ¢ (A)

Unit cell, a, B, y (°)
No. of Reflections

No. of Unique Reflections

Redundancy (last shell)
Mean //o (last shell)
Completeness (last shell)
R-meas (last shell)
R-pim (last shell)
Wilson B-factor
Average Mosaicity (°)

Refinement

Working Set (last shell)
Test Set (last shell)
Ryork (1ast shell)

Riree (last shell)

RMSD of Bond Lengths (A)
RMSD of Bond Angles (°)

Total Number of Atoms
Protein Residues
Protein
Ligand
Water

Average B-factor
Protein
Ligand
Water

Ramachandran Favored, Allowed, Outliers

(%) from MolProbity

LS-CAT 21-ID-G
MAR 300 CCD
0.97857

35.5-1.50 (1.55-1.50)
P2,2,2
a=43.228, b =84.947
¢ =64.606
oa==y=90
284040

39026 (1904)

7.3 (7.3)

28.6 (2.6)

99.9 (100.0)

0.056 (0.738)

0.021 (0.272)

18.16

0.2

35141 (3422)
3843 (376)
0.178 (0.233)
0.205 (0.260)
0.007

1.05

1985

231

1826

38

121

23.9

23.4

22.4

31.9
98.7,1.3,0

218
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Figure 4.7 Electron density in the TTR-4.2 complex. (A) Final structure. Blue: 2F, — F.
contoured at 1.00; red and green: F, — F, contoured at —3.0¢ and 3.00, respectively. (B) Final
structure after ligand removal and refinement by simulated annealing. Green: F, — F.. contoured
at 3.0a.



Table 4.6 Crystallographic data collection and refinement statistics for

TTR in complex with 4.3
Complex 4.3
PDB Code 5u49

Data Collection

X-Ray Source

Detector

Wavelength (A)
Resolution, last shell (A)
Space group

Unit cell, a, b, ¢ (A)

Unit cell, a, 5, y (°)

No. of Reflections

No. of Unique Reflections
Redundancy (last shell)
Mean //o (last shell)
Completeness (last shell)
R-meas (last shell)

R-pim (last shell)

Wilson B-factor

Average Mosaicity (°)

Refinement

Working Set (last shell)
Test Set (last shell)
Ryork (1ast shell)

Riree (last shell)

RMSD of Bond Lengths (A)

RMSD of Bond Angles (°)
Total Number of Atoms
Protein Residues
Protein
Ligand
Water
Average B-factor
Protein
Ligand
Water

Ramachandran Favored, Allowed, Outliers

(%) from MolProbity

LS-CAT 21-ID-D
Detris Eiger 9M
1.239801

33.0-2.22 (2.30-2.22)
1222
a=44.517,b=65.895c=
84.594
a==y=90

39109

5956 (300)

6.6 (4.4)

19.2 (2.3)

98.7 (98.0)

0.395 (1.722)

0.151 (0.757)

383

1.3

5598 (1311)
621 (146)
0.202 (0.249)
0.275 (0.318)
0.008

1.04

925

116

896

18

11

412

41.3

39.5

38.5

96.5,3.5,0
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Figure 4.8 Electron density in the TTR-4.3 complex. (A) Final structure. Blue: 2F, — F.
contoured at 1.00; red and green: F, — F, contoured at —3.0¢ and 3.00, respectively. (B) Final
structure after ligand removal and refinement by simulated annealing. Green: F, — F.. contoured
at 3.0a.



Table 4.7 Crystallographic data collection and refinement statistics for

TTR in complex with 4.4.
Complex 4.4
PDB Code Suda

Data Collection

X-Ray Source

Detector

Wavelength (A)
Resolution, last shell (A)
Space group

Unit cell, a, b, ¢ (A)

Unit cell, a, 5, y (°)

No. of Reflections

No. of Unique Reflections
Redundancy (last shell)
Mean //o (last shell)
Completeness (last shell)
R-meas (last shell)

R-pim (last shell)

Wilson B-factor

Average Mosaicity (°)

Refinement

Working Set (last shell)
Test Set (last shell)
Ryork (1ast shell)

Riree (last shell)

RMSD of Bond Lengths (A)

RMSD of Bond Angles (°)
Total Number of Atoms
Protein Residues
Protein
Ligand
Water
Average B-factor
Protein
Ligand
Water

Ramachandran Favored, Allowed, Outliers

(%) from MolProbity

LS-CAT 21-ID-G
MAR 300 CCD
0.97857

35.5-1.90 (1.96-1.90)
P2,2,2
a=42.822,b=284.928
c=064.19
a==y=90
137456

19212 (936)
7.2(7.2)

19.4 (2.3)

99.8 (100.0)

0.097 (0.787)

0.037 (0.289)

33.6

1.4

17310 (1291)
1859 (143)
0.223 (0.247)
0.276 (0.279)
0.007

1.03

1907

232

1792

40

75

39

38.9

32.4

44.6

97.4,2.2,04
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Figure 4.9 Electron density in the TTR-4.4 complex. (A) Final structure. Blue: 2F, — F.
contoured at 1.00; red and green: F, — F, contoured at —3.0¢ and 3.00, respectively. (B) Final
structure after ligand removal and refinement by simulated annealing. Green: F, — F.. contoured
at 3.0a.



Table 4.8 Crystallographic data collection and refinement statistics for

TTR in complex with 4.5.

Complex
PDB Code

Data Collection

X-Ray Source

Detector

Wavelength (A)
Resolution, last shell (A)
Space group

Unit cell, a, b, ¢ (A)

Unit cell, a, 5, y (°)

No. of Reflections

No. of Unique Reflections
Redundancy (last shell)
Mean //o (last shell)
Completeness (last shell)
R-meas (last shell)

R-pim (last shell)

Wilson B-factor

Average Mosaicity (°)

Refinement

Working Set (last shell)
Test Set (last shell)
Ryork (1ast shell)

Riree (last shell

RMSD of Bond Lengths (A)

RMSD of Bond Angles (°)
Total Number of Atoms
Protein Residues
Protein
Ligand
Water
Average B-factor
Protein
Ligand
Water

Ramachandran Favored, Allowed, Outliers

(%) from MolProbity

4.5
S5u4b

LS-CAT 21-ID-G
MAR 300 CCD
0.97857

38.5-1.45 (1.5-1.45)
P2,2,2
a=43.052, b =85.446
c=64.107
a==y=90
311252

42801 (2112)
7.3(7.2)

25.4 (2.7)

99.9 (100.0)

0.065 (0.582)

0.024 (0.214)

15.4

0.2

38552 (3756)
4230 (405)
0.185 (0.252)
0.207 (0.295)
0.007

1.035

2088

231

1858

72

158

19.6

18.8

26.8

27.3

99.2,0.8,0
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Figure 4.10 Electron density in the TTR-4.5 complex. (A) Final structure. Blue: 2F, — F.
contoured at 1.00; red and green: F, — F, contoured at —3.0¢ and 3.00, respectively. (B) Final
structure after ligand removal and refinement by simulated annealing. Green: F, — F.. contoured
at 3.0a.



Table 4.9 Crystallographic data collection and refinement statistics for

TTR in complex with 4.6.
Complex 4.6
PDB Code Sudc

Data Collection

X-Ray Source

Detector

Wavelength (A)
Resolution, last shell (A)
Space group

Unit cell, a, b, ¢ (A)

Unit cell, a, 5, y (°)

No. of Reflections

No. of Unique Reflections
Redundancy (last shell)
Mean //o (last shell)
Completeness (last shell)
R-meas (last shell)

R-pim (last shell)

Wilson B-factor

Average Mosaicity (°)

Refinement

Working Set (last shell)
Test Set (last shell)
Ryork (1ast shell)

Riree (last shell)

RMSD of Bond Lengths (A)

RMSD of Bond Angles (°)
Total Number of Atoms
Protein Residues
Protein
Ligand
Water
Average B-factor
Protein
Ligand
Water

Ramachandran Favored, Allowed, Outliers

(%) from MolProbity

LS-CAT 21-ID-G
MAR 300 CCD
0.97857

36.0-1.7 (1.76-1.70)
P2,2,2
a=42.924, b =85.580
c=63.762
a==y=90
191623

26541 (1303)

7.2 (7.1)

23.9(2.0)

99.6 (99.1)

0.065 (0.818)

0.024 (0.301)

19.4

0.6

23900 (2334)
2593 (224)
0.176 (0.225)
0.204 (0.271)
0.007

1.061

2043

231

1869

40

134

23.8

23.7

30.8

30.1

979,1.7,0.4
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Figure 4.11 Electron density in the TTR-4.6 complex. (A) Final structure. Blue: 2F, — F.
contoured at 1.00; red and green: F, — F, contoured at —3.0¢ and 3.00, respectively. (B) Final
structure after ligand removal and refinement by simulated annealing. Green: F, — F.. contoured
at 3.0a.



Table 4.10 Crystallographic data collection and refinement statistics for

TTR in complex with 4.7.
Complex 4.7
PDB Code Sudd

Data Collection

X-Ray Source

Detector

Wavelength (A)
Resolution, last shell (A)
Space group

Unit cell, a, b, ¢ (A)

Unit cell, a, 5, y (°)

No. of Reflections

No. of Unique Reflections
Redundancy (last shell)
Mean //o (last shell)
Completeness (last shell)
R-meas (last shell)

R-pim (last shell)

Wilson B-factor

Average Mosaicity (°)

Refinement

Working Set (last shell)
Test Set (last shell)
Ryork (1ast shell)

Riree (last shell)

RMSD of Bond Lengths (A)

RMSD of Bond Angles (°)
Total Number of Atoms
Protein Residues
Protein
Ligand
Water
Average B-factor
Protein
Ligand
Water

Ramachandran Favored, Allowed, Outliers

(%) from MolProbity

LS-CAT 21-ID-F
MAR 225 CCD
0.97872

38.5-1.55 (1.60-1.55)
P2,2,2
a=43.207,b=284.814
c=64.618
a==y=90
216074

35258 (1735)
6.1(5.2)

23.7(2.1)

99.8 (99.5)

0.072 (0.675)

0.028 (0.291)

19.2

0.2

31740 (3067)
3474 (364)
0.206 (0.303)
0.243 (0.356)
0.007

1.038

1989

231

1821

38

130

26.4

25.8

26.6

34.1

97.5,25,0
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Figure 4.12 Electron density in the TTR-4.7 complex. (A) Final structure. Blue: 2F, — F.
contoured at 1.00; red and green: F, — F, contoured at —3.0¢ and 3.00, respectively. (B) Final
structure after ligand removal and refinement by simulated annealing. Green: F, — F.. contoured
at 3.0a.



Table 4.11 Crystallographic data collection and refinement statistics for

TTR in complex with 4.8.
Complex 4.8
PDB Code Sude

Data Collection

X-Ray Source

Detector

Wavelength (A)
Resolution, last shell (A)
Space group

Unit cell, a, b, ¢ (A)

Unit cell, a, 5, y (°)

No. of Reflections

No. of Unique Reflections
Redundancy (last shell)
Mean //o (last shell)
Completeness (last shell)
R-meas (last shell)

R-pim (last shell)

Wilson B-factor

Average Mosaicity (°)

Refinement

Working Set (last shell)
Test Set (last shell)
Ryork (1ast shell)

Riree (last shell)

RMSD of Bond Lengths (A)

RMSD of Bond Angles (°)
Total Number of Atoms
Protein Residues
Protein
Ligand
Water
Average B-factor
Protein
Ligand
Water

Ramachandran Favored, Allowed, Outliers

(%) from MolProbity

LS-CAT 21-ID-G
MAR 300 CCD
0.97857

26.0-1.45 (1.50-1.45)
P2,2,2
a=43.029, b = 85.861
c=63.831
a==y=90
309849

42788 (2094)

7.2 (7.1)

30.2 (2.5)

100.0 (99.9)

0.055 (0.659)

0.20 (0.243)

15.4

0.4

38504 (3747)
4229 (405)
0.18 (0.259)
0.198 (0.290)
0.007

1.163

2154

231

1901

84

169

19.8

19.2

20.1

28.6

98.4,12,04
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Figure 4.13 Electron density in the TTR-4.8 complex. (A) Final structure. Blue: 2F, — F.
contoured at 1.00; red and green: F, — F, contoured at —3.0¢ and 3.00, respectively. (B) Final
structure after ligand removal and refinement by simulated annealing. Green: F, — F.. contoured
at 3.0a.



Table 4.12 Crystallographic data collection and refinement statistics for

TTR in complex with 4.10.

Complex
PDB Code

Data Collection

X-Ray Source

Detector

Wavelength (A)
Resolution, last shell (A)
Space group

Unit cell, a, b, ¢ (A)

Unit cell, a, 5, y (°)

No. of Reflections

No. of Unique Reflections
Redundancy (last shell)
Mean //o (last shell)
Completeness (last shell)
R-meas (last shell)

R-pim (last shell)

Wilson B-factor

Average Mosaicity (°)

Refinement

Working Set (last shell)
Test Set (last shell)
Ryork (1ast shell)

Riree (last shell

RMSD of Bond Lengths (A)

RMSD of Bond Angles (°)
Total Number of Atoms
Protein Residues
Protein
Ligand
Water
Average B-factor
Protein
Ligand
Water

Ramachandran Favored, Allowed, Outliers

(%) from MolProbity

4.10
Sudf

LS-CAT 21-ID-F
MAR 225 CCD
0.97872

38.5-1.8 (1.86-1.80)
P2,2,2

a=43.019, b =85.118
¢ =64.023
a=B=y=90

163190

22450 (1087)

7.3 (7.3)

29.4 (3.1)

99.7 (99.4)

0.057 (0.513)

0.021 (0.187)

22.8

0.6

20232 (1898)
2189 (199)
0.188 (0.246)
0.223 (0.281)
0.009

1.207

1947

231

1799

40

108

27.6

27.3

30.5

32.6

979,1.7,0.4
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Figure 4.14 Electron density in the TTR-4.10 complex. (A) Final structure. Blue: 2F, — F.
contoured at 1.00; red and green: F, — F, contoured at —3.0¢ and 3.00, respectively. (B) Final
structure after ligand removal and refinement by simulated annealing. Green: F, — F.. contoured
at 3.0a.



Table 4.13 Crystallographic data collection and refinement statistics for

TTR in complex with 4.11.

Complex
PDB Code

Data Collection

X-Ray Source

Detector

Wavelength (A)
Resolution, last shell (A)
Space group

Unit cell, a, b, ¢ (A)

Unit cell, a, 5, y (°)

No. of Reflections

No. of Unique Reflections
Redundancy (last shell)
Mean //o (last shell)
Completeness (last shell)
R-meas (last shell)

R-pim (last shell)

Wilson B-factor

Average Mosaicity (°)

Refinement

Working Set (last shell)
Test Set (last shell)
Ryork (1ast shell)

Riree (last shell

RMSD of Bond Lengths (A)

RMSD of Bond Angles (°)
Total Number of Atoms
Protein Residues
Protein
Ligand
Water
Average B-factor
Protein
Ligand
Water

Ramachandran Favored, Allowed, Outliers

(%) from MolProbity

4.11
Sudg

LS-CAT 21-ID-F
MAR 225 CCD
0.97872

38.5-1.8 (1.86-1.80)
P2,2,2

a=43.019, b =85.118
¢ =64.023
a=B=y=90

163190

22450 (1087)

7.3 (7.3)

29.4 (3.1)

99.7 (99.4)

0.057 (0.513)

0.021 (0.187)

22.8

0.6

20232 (1898)
2189 (199)
0.188 (0.246)
0.223 (0.281)
0.009

1.207

1947

231

1799

40

108

27.6

27.3

30.5

32.6

979,1.7,0.4
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Figure 4.15 Electron density in the TTR-4.11 complex. (A) Final structure. Blue: 2F, — F.
contoured at 1.00; red and green: F, — F, contoured at —3.0¢ and 3.00, respectively. (B) Final

structure after ligand removal and refinement by simulated annealing. Green: F, — F.. contoured
at 3.0a.
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Table 4.14 Non-covalent interactions and distances in TTR-ligand complexes.

Ligand Interaction type Ligand atom Protein atom Distance (A)
4.2 Dative BO1/A NZ, A/15 Lys/A 2.8
4.2 Dative B01/B NZ, A/15 Lys/B 3.2
4.2 Dative Average — 3.0
4.2 Hydrogen bond 004/A NZ, A/15 Lys'/A 2.6
4.2 Hydrogen bond 003/B NZ, A/15 Lys'/B 2.2
4.2 Hydrogen bond Average — 2.4
4.2 Hydrogen bond 002/A OG,A/117 Ser/A 2.7
4.2 Hydrogen bond 002/A OG,B/117 Ser/A 3.0
4.2 Hydrogen bond O01/A OG,A/117 Ser'/A 2.7
4.2 Hydrogen bond O01/A OG,B/117 Ser'/A 2.7
4.2 Hydrogen bond 002/A OG,A/117 Ser/B 3.0
4.2 Hydrogen bond 002/A OG,B/117 Ser/B 2.7
4.2 Hydrogen bond O01/A 0OG,A/117 Ser'/B 2.9
4.2 Hydrogen bond O01/A OG,B/117 Ser'/B 2.6
4.2 Hydrogen bond Average — 2.8
4.3 Hydrogen bond 002/A OG,A/117 Ser/A 2.4
4.4 Dative BO1/A NZ, A/15 Lys/A 3.4
4.4 Dative B01/B NZ, A/15 Lys/B 4.4
4.4 Dative Average — 3.9
4.4 Hydrogen bond 003/A NZ, A/15 Lys'/A 34
4.4 Hydrogen bond 003/B NZ, A/15 Lys'/B 3.0
4.4 Hydrogen bond Average — 3.2
4.4 Hydrogen bond O01/A OG,A/117 Ser/A 2.2
4.4 Hydrogen bond O21/A OG,A/117 Ser'/A 3.0
4.4 Hydrogen bond 002/B OG,A/117 Ser/B 2.1
4.4 Hydrogen bond 001/B 0OG,A/117 Ser'/B 2.8
4.4 Hydrogen bond Average — 2.5
4.5 Hydrogen bond O01,A/A 0OG,A/117 Ser'/B 2.7
4.5 Hydrogen bond O01,A/A OG,B/117 Ser'/B 2.9
4.5 Hydrogen bond O01,B/A 0OG,A/117 Ser'/B 2.4
4.5 Hydrogen bond O01,B/A OG,B/117 Ser'/B 2.5
4.5 Hydrogen bond 0O01,A/B OG,A/117 Ser'/A 3.0
4.5 Hydrogen bond 0O01,A/B OG,A/117 Ser'/A 2.6
4.5 Hydrogen bond 001,B/B OG,A/117 Ser'/A 33
4.5 Hydrogen bond 001,B/B OG,A/117 Ser'/A 2.8
4.5 Hydrogen bond Average — 2.8
4.5 Hydrogen bond 003/B NZ, A/15 Lys/A 2.5
4.5 Hydrogen bond 002/B NZ, A/15 Lys'/A 3.6
4.5 Hydrogen bond Average — 3.1
4.6 Dative BO1/A NZ, A/15 Lys/A 2.9
4.6 Dative B01/B NZ, A/15 Lys'/B 3.0
4.6 Hydrogen bond Average — 3.0
4.6 Hydrogen bond 002/A NZ, A/15 Lys'/A 3.0



4.6 Hydrogen bond 001/B NZ, A/15 Lys/B 4.0
4.6 Hydrogen bond Average — 3.5
4.6 Hydrogen bond 003/A OG,A/117 Ser'/A 3.1
4.6 Hydrogen bond 003/A OG,B/117 Ser'/A 2.9
4.6 Hydrogen bond 004/A OG,A/117 Ser'/A 2.7
4.6 Hydrogen bond 004/A OG,B/117 Ser'/A 2.3
4.6 Hydrogen bond 003/B OG,A/117 Ser/B 3.0
4.6 Hydrogen bond 003/B OG,B/117 Ser/B 3.1
4.6 Hydrogen bond 004/B OG,A/117 Ser/B 2.4
4.6 Hydrogen bond 004/B OG,B/117 Ser/B 2.5
4.6 Hydrogen bond Average — 2.8
4.7 Hydrogen bond 003/A OG, A/117 Ser'/A 2.2
4.7 Hydrogen bond 003/B OG, A/117 Ser/B 2.3
4.7 Hydrogen bond Average — 2.3
4.7 Hydrogen bond O01/A NZ, A/15 Lys/A 2.7
4.7 Hydrogen bond 002/A NZ, A/15 Lys'/A 2.3
4.7 Hydrogen bond Average — 2.5
4.8 Dative BO1,A/A NZ, A/15 Lys/A 2.9
4.8 Dative B01,A/B NZ, A/15 Lys'/B 2.9
4.8 Cative Average — 2.9
4.8 Hydrogen bond 002,A/A NZ, A/15 Lys'/A 3.0
4.8 Hydrogen bond 001/B NZ, A/15 Lys/B 3.0
4.8 Hydrogen bond Average — 3.0
4.8 Hydrogen bond 003/A OG,A/117 Ser'/A 2.9
4.8 Hydrogen bond 003/A OG,B/117 Ser'/A 2.6
4.8 Hydrogen bond 004/A OG,A/117 Ser'/A 2.7
4.8 Hydrogen bond 004/A OG,B/117 Ser'/A 3.0
4.8 Hydrogen bond 003/B OG,A/117 Ser/B 2.8
4.8 Hydrogen bond 003/B OG,B/117 Ser/B 3.0
4.8 Hydrogen bond 004/B OG,A/117 Ser/B 2.5
4.8 Hydrogen bond 004/B OG,B/117 Ser/B 2.7
4.8 Hydrogen bond Average — 2.8
4.10 Dative B02/A NZ, A/15 Lys/A 3.5
4.10 Hydrogen bond 003/A NZ, A/15 Lys'/A 3.6
4.10 Hydrogen bond 002/A NZ, A/15 Lys'/A 2.7
4.10 Hydrogen bond 003/B NZ, A/15 Lys'/B 2.6
4.10 Hydrogen bond Average — 2.7
4.11 Dative BO1/A NZ, A/15 Lys/A 3.2
4.11 Hydrogen bond 002/A OG,B/117 Ser'/A 2.8
4.11 Hydrogen bond 0/04/B OG,B/117 Ser'/B 3.0
4.11 Hydrogen bond Average — 2.9
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Table 4.15 Observed sigma-hole bond lengths and bond angles in TTR-ligand

complexes reported in this work.

Ligand Ligand atom Protein residue Length Oc_cio Ocio-c
4.10 Cl102/A 108 Ala'/A 3.65 175.4 83.4
4.10 Cl02/B 108 Ala’/B 3.64 174.9 87.8
4.11 CIO1/A 108 Ala'/A 3.73 173.4 85.1
4.11 Cl01/B 108 Ala’/B 3.66 175.3 84.3
Average 3.67 174.8 85.2
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5

Future Directions

5.1 Stimuli-responsive boronic acids for protein delivery

The practical use of boronic acids to facilitate protein delivery is still in the early stages of
development. With ongoing improvements in boronic acid-based cellular recognition, and
binding to select glycans and antigens,”>*'°! boronic acid-mediated delivery will undoubtedly
continue to see a surge in interest and application. Although the idea of “smart”, or stimuli
responsive, carriers or materials for biomedical applications is well established,”**** this
approach has yet to be significantly incorporated into boronic acid-based delivery.

With modular principles kept in mind, boronic acids with immolative linkers can be
accessed easily by chemical synthesis. In chapter 2, I described an esterase-sensitive boronic acid
for the release of a native protein. Selective removal of boronate appendages can be engineered
into the molecule via alternative linkers. One such boronate, which incorporates a methyl maleic
anhydride motif, could still access solvent exposed lysine residues but would be removed under
acidic conditions (Figure 5.1, compound 5.1).2°¢

Acidic sensitivity 1s a good trigger for controlled release, especially for
biopharmaceuticals, since the endosomal pathway is the most likely mechanism of uptake.’' As

the endosome matures into a lysosome, it becomes more acidic. Acid sensitive linkers could be

developed to incorporate newly established borolectins, such as those developed by the Dennis
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Hall and coworkers, for improved cell-recognition and multidentate binding (Figure 5.1,

compound 5.2).'%

5.2 Investigation of boronic acids to increase protein serum retention

Boronic acids are well known to interact with biological polyols such as saccharides. I
and others have exploited this interaction to facilitate cellular up-take of protein therapeutics by
targeting the glycocalyx. Nevertheless, in the circulatory system, which is often a common route
of entry for biopharmaceuticals, contains a number of glycoproteins as well as erythrocytes,”®®
which possess complex saccharides that could coordinate with boronic acid-labeled proteins.

An open question is whether boronic acids could also be used as a way to increase
retention time of macromolecules in serum by interacting with different components within the
circulatory system. This goal could be accomplished by developing a boronic acid functionalized
MRI or PET contrast agent such as compound 5.3 (Figure 5.2) and compare circulation times in
vivo to that of the same agent lacking the boronic acid. If boronic acids prove to increase the
circulation times of protein therapeutics, then this approach would allow for new design
strategies to move away from the common PEGylated-based systems, which are known to be

detrimental to enzymatic function.

5.3 Characterization of the mode of action for boronic acid stabilizers of TTR
amyloidosis

In chapter 4, I described the synthesis of a small library of boronic acid-stilbene
compounds for the stabilization of the quaternary structure of transthyretin (TTR). TTR is
notorious for binding a wide variety of organic molecules without a clear structure—activity

relationship (SAR).****® One major observation from our studies was the preference for mono-
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boronic acids to consistently bind in the “reverse” binding mode compared to the paired phenolic
control molecule.

The observation that mono-boronated small molecules prefer to bind in one binding mode
despite significant structural changes to the scaffold suggests that boronic acids may have a
particular mode of action in the context of binding the T4 pocket of TTR. Elucidating this
mechanism is important for future small-molecule boronic acid-based inhibitors of TTR
amyloidosis. There are a number of factors that could be perturbed. Alterations in the pK, value
of certain functional groups are known to affect the orientation of the binding mode.?*"*"
Additionally, halogen bonding is known to play a role.”*' Both of these aspects can be
investigated thoroughly.

Understanding the mode of action for boronic acid could also have an impact on the
larger role of small-molecule boronic acid therapeutics. There is some recent evidence of boronic
acid-containing compounds coordinating in unexpected ways with either active-site residues®’!
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or bulk solvent.””* Careful structural studies might improve future therapeutic design, especially

considering the growing interest in boronic acid-based therapeutics.”=%'®
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Scheme 5.1 Proposed synthesis of acid-labile boronic acid 5.1 for protein delivery.
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Figure 5.1

5.1 5.2
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Figure 5.1 Proposed acid-labile boronic acids for protein delivery and cell-type specificity.
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Figure 5.2
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Figure 5.2 Proposed boronic acid—based MRI contrast agent for studying serum retention.
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Appendix: Towards a boronic acid-based “pro/soft” drug strategy

A.1 Abstract

The unregulated increase of reactive oxygen species (ROS), resulting in oxidative damage, has
been linked to several human disease states including neurodegeneration, diabetes, and cancer.
Current small-molecule anti-oxidants have had limited clinical success as potential therapeutics,
despite promising pre-clinical results. One potential pharmacokinetic issue could be a high rate
of metabolism and excretion. We propose a general boronic acid-masking strategy that allows
small-molecule anti-oxidants to be activated selectively in the presence of ROS while controlling

the mechanism of inactivation and metabolism.

A.2 Author Contributions

T.P.S. proposed the use of boronic acids as a way to mask radical scavenging ability of dietary
anti-oxidant molecules. A.A.P. synthesized and characterized a small library of anti-oxidant
analogs containing boronic acids. T.P.S. and A.A.P. preformed preliminary in vitro and in cellulo

studies.
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A.3 Rational
Reactive oxygen species (ROS) have important roles in cellular function including cellular
signaling, differentiation, and protection.”’”?”® Under normal physiological conditions,
mammalian cells utilize endogenous anti-oxidant enzymes, as well as small-molecule reducing
agents, to tightly regulate the concentration of ROS within cells."”” Nevertheless, the up-
regulation of ROS, including the major ROS hydrogen peroxide (H,0,), has been correlated with
oxidative stress that is causative in a variety of human diseases, such as neurodegeneration,
diabetes, and cancer.' 111277 1 addition, an interaction between free Cu' or Fe’" and H>,O, will
generate hydroxide radicals (*OH) via a metal-catalyzed Fenton reaction (Figure A.1).!%*"827
Hydroxide radicals are particularly damaging to cellular components because of their non-
specific reactivity towards biomolecules such as DNA, proteins, and lipids. This reactively
manifests with symptoms of hemochromatosis, overt copper toxicity, and inflammation.?’®2**2%!
More importantly, there are no known endogenous mechanisms to neutralize this particular
ROS.'"”

Organisms rely on dietary-based small-molecule anti-oxidants as radical scavengers.
These include flavin-containing compounds, whose anti-oxidant activity arises from conjugated
nitrogen heterocycles, as well as phenolic molecules, such as vitamin C, vitamin E, and many
types of carotenoids.”®*® The latter examples possess phenolic substituents on highly
conjugated scaffolds that can react with hydroxyl radicals, and subsequently delocalize an
electron through a conjugated mt-system to decrease its reactivity (Scheme A.1).2**
Although poly-phenol anti-oxidants can be effective radical scavengers, they can be

quickly metabolized and excreted from the body.”® This rapid removal arises from the two

phases of small-molecule metabolism.”****” Phase I metabolism employs the cytochrome P450
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class of enzymes to oxidize organic molecules by placing reactive handles, such as phenols, on
aryl rings or by unmasking nucleophilic functional groups, such as reducing an amide bond to an
amine.” This process provides therapeutic organic molecules with a nucleophile for phase II
metabolism.

Phase II involves multiple transferase enzymes to conjugate polar functional groups such
as glucuronic acid, amino acids, sulfates, and glutathione to the products of phase L>** This
process increases the hydrophilicity of the small molecule and accelerates its excretion from the
body. One major limitation of poly-phenol anti-oxidants is that they already possess a
nucleophilic handle poised for phase II modification. For these reasons, as well as many others,
phenolic-based anti-oxidants have had limited clinical success, despite promising results in pre-
clinical testing.”® "

Boronic acid can be used as a general masking agent for phenolic functional groups. As I
described in chapters 2 and 3, boronic acids are physiologically benign and will
chemoselectively oxidize to a phenol through a hydroboration-oxidation mechanism in the
presence of H,O,. This strategy has been employed in both peroxide sensing technology'® as
well as a pro-drug meathod.'"®

There are a number of benefits for a boronic acid anti-oxidant. First, in the absence of
H,0,, the boronate analogue remains in its inactive form, giving the small-molecule pro-drug
like characteristics. Second, and more importantly, the boronic acid could potentially increase
retention time by forcing the molecule through phase I metabolism and improve its therapeutic
value.””? Lastly, the active antioxidant will have a predictable and controlled route of metabolic

inactivation, giving this analog soft-drug characteristics. Ideally, boronic acids will provide
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small-molecule anti-oxidants with selective activation under oxidative stress as well as a

protective mask from cellular metabolism while traveling to the site of action.

A.4 Preliminary Results and Discussion

Naturally derived phenolic anti-oxidants were chosen for their known radical scavenging
ability and biological safety. Additionally, since oxidative damage can occur to both cytosolic
and membrane components, molecules with varying logP values were selected (Figure A.2).
With the exception of compounds A.3 and A.4, each boronate was accessed directly from the
commercially available phenol through triflate activation, followed by palladium-catalyzed
cross-coupling of pinacol boronate, and subsequent deprotection.

The substitution with a boronic acid abolishes radical scavenging ability in vitro. A
radical scavenging assay using 2,2-diphenyl-1-picrylhdrazyl (DPPH) indicated that for
compounds A.6 and A.7, the presence of the boronic acid did not lead to the reduction of DPPH
(Figure A.2). In contrast, after exposure to an equivalent concentration of H,O, for 1 h, the
radical scavenging ability of A.6 and A.7 returned by approximately 50% and 30% respectively,
relative to the positive controls (A.2 and A.3).

Compounds A.5 and A.8 did not perform as well as expected. This underperformance
could be due to steric interactions from the ortho-substituents leading to instability and
protodeboronation of the boronic acid functionality.”” Indeed, attempts to deprotect A.8 to
acquire the free boronic acid often resulted in the protodeboronated product. For these reasons,
these molecules were not characterized further by studies in cellulo.

The boronated small molecules were not toxic towards HEPG2 hepatocytes. Compounds

A.6 and A.7, as well as their respective control molecules (A.2 and A.3), did not show any
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inherent toxicity in HEPG2 cells up to 100-uM range (Figure A.3). Interestingly, compound A.7
and its control A.3 showed enhanced toxicity at 100 uM relative to a vehicle control with
increasing concentrations of H,O, (Figure A.4). Although synergistic toxicity is known in the

literature,zg“’295

these experiments need to be repeated under more stringent experimental
conditions to confirm this observation.

Compound A.6 was found to decrease the observed concentration of ROS in cellulo
relative to the parent control. In a fluorescent DCFH-DA assay for intracellular ROS, pre-
treatment of HEPG2 cells with A.6 showed a decrease in the rate of intracellular ROS generation
over time compared to pre-treatment of either the vehicle control or with A.2 (Figure A.5). There
are two possible reasons for this observation. The boronic acid can interact with H,O, to form
water and boric acid, removing up to one stoichiometric equivalent of H,O,, or the boronic acid

takes longer to be removed compared to the parent control, leading to sustained cellular

protection. It is likely that both mechanisms are operating co-currently.

A.5 Conclusions and Future Directions

In summary, I have described preliminarily work towards the development of a potential
pro/soft-drug strategy for phenolic-based anti-oxidants using boronic acid. Boronic acid has been
used previously as a viable pro-drug strategy, but has not been explored as a method to
specifically attenuate drug metabolism. A few examples exist in the literature describing the
metabolic byproducts of boronic acid-containing small-molecules,””**”® but future work in this
area needs to characterize fully both the rate and the extent of boronic acid metabolism.

Future studies should focus on both cellular protection as well as cellular recovery. These

studies require additional assays of both the levels of intracellular ROS and cellular viability.
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Additional small-molecule boronic acids could also be explored for more effective radical-
scavenging ability. These boronic acids could be based on either simple natural products or
synthetic scaffolds with different physiological characteristics, such as CNS targeting or metal-
chelating ability.****°' In addition, studies on how these molecules affect lipid peroxidation in
vitro would be informative. Finally, the mechanism of boronic acid metabolism is not well
defined, and it is important to determine experimentally how these molecules are processed

physiologically.
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A.6 Materials and Methods

A.6.1 General Information

All chemicals were from Sigma—Aldrich (Milwaukee, WI) and were used without further
purification. All glassware was flame-dried and all reactions were performed under an inert
nitrogen atmosphere. Reagent grade solvents; dichloromethane (DCM), tetrahydrofurane (THF),
triethylamine (TEA), and dimethylformamide (DMF), were dried over a column of alumina and
were removed from a dry still under inert atmosphere. Removal of solvents “under reduced
pressure” refers to the use of a rotary evaporator water-aspirator pressure (<20 torr) and water
bath of <40 °C. Flash column chromatography was performed with Silicycle 40-63 A silica
(230400 mesh) and thin layer chromatography (TLC) was performed with EMD 250 pm silica
gel 60-F254 plates.

'H and ">C NMR spectra were acquired at ambient temperature with a Bruker Avance III
5001 spectrometer at the National Magnetic Resonance Facility at Madison (NMRFAM) and
referenced to residual protic solvent. Mass spectrometry was performed with a Micromass LCT
(electrospray ionization, ESI) in the Mass Spectrometry Facility in the Department of Chemistry
at the University of Wisconsin—Madison. Absorbance measurements were made with an infinite
M1000 plate reader from Tecan (Mannedorf, Switzerland).

HEPG?2 cell lines were obtained from ATCC and cultured in a 50-mL cell culture flask
with Dulbecco’s Modified Eagle Medium (DMEM). Cells were allowed to incubate at 37 °C in a
5% CO; atmosphere. Cells were split at 90% confluence by removing medium, washing with
Dulbecco’s Phosphate Buffered Saline (DPBS) and incubating with 0.25% Trypsin/EDTA for 5
minutes. After cell dissociation, DMEM was added to the flask and cells were split 1:4 into a

new 50 mL Corning surface cell culture flask.
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A.6.2 Chemical Synthesis

Br
Br )
Methyl Propiolate
OO ZnCl,, MeSO4H
o |
OH
0]
A.7.2

4-Bromo-1-napthol (1.000 g, 4.48 mmol) and ZnCl, (1.221 g, 8.96 mmol) were dissolved
in methane sulfonic acid (22 mL). Methyl propionate (0.789 g, 8.96 mmol) was added, and the
reaction mixture was heated to 70 °C and stirred overnight. The reaction mixture was then
cooled to room temperature, and the solvent was removed under reduced pressure. The crude
product was purified via flash column chromatography (50% v/v DCM:hexanes) to afford A.7.2

as a white solid (0.510 g, 41%).

'H NMR (500 MHz, CDCl; d): 6.48-6.46 (d, J = 9.50, 1H), 7.39-7.41 (d, J = 8.53 Hz, 1H),
7.59-7.64 (m, 3H), 7.76-7.78 (d, J = 9.44Hz, 1H), 7.83-7.82 (d, J = 5.46 Hz, 1H), 8.49-8.46 (d,
J =521 Hz, 1H); *C NMR (125 MHz, CDCl;, ¢): 114.18, 115.84, 122.20, 122.95, 123.52,
12437, 127.11, 127.74, 128.65, 134.75, 144.13, 151.20, 160.87; HRMS—ESI (m/2): [M + NH,]"

calcd for C13H7BrO,, 291.9968; found, 291.9959.
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Br 0. .0
Pd(dppf)Cl,, KOAc, B
= Bis(pinacolato)diboron, _
~ Dioxane E
o | 80 °C |
(0]
O
(0]
A.7.2 A.7.3

Compound A.7.2 (0.250 g, 0.91 mmol), KOAc (0.268 g, 2.73 mmol), Pd(dppf)Cl, (0.067
g, 0.091 mmol) and bis(pinacolato)diboron (0.693g, 2.73mmol) were added to a Schlenk flask,
which was then evacuated and backfilled with Ny(g). Dioxane (9.1 mL) was deoxygenated by
sonication under high vacuum and backfilled with Ny(g). Deoxygenated dioxane was then
cannulated into the reaction flask. The reaction mixture was heated to 80 °C and stirred
overnight. The reaction mixture was filtered, and the solvent was removed under reduced
pressure. The crude product was purified via flash column chromatography (15% v/v

EtOAc:hexanes) to afford A.7.3 as a white solid (0.11 g, 37%).

"H NMR (500 MHz, CD;0D, 6): 1.45 (s, 12H), 6.54-6.56 (d, J = 9.44, 1H), 7.67-7.72 (m, 2H),
8.10-8.12 (d, J = 9.47 Hz, 1H), 8.18 (s, 1H), 8.50-8.51 (d, J = 7.65 Hz, 1H), 8.85-8.84 (d, J =
7.75 Hz, 1H); *C NMR (125 MHz, CD;0D, 8): 23.87, 83.98, 113.73, 115.13, 121.44, 122.52,
126.61, 128.39, 128.61, 134.13, 138.24, 145.06, 153.04, 161.24; HRMS—ESI (m/z): [M + H]"

calcd for C19H9BOy, 322.1486; found, 322.1483.
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o\B,o HO_ _OH
NalO,, HCI B
g ‘ THF/H,0 ! l
o |
o)
@ o)
A7.3 A7

Compound A.7.3 (0.1 g, 0.31 mmol) was dissolved in a 6.2-mL solution of 4:1 THF/H,O.
NalOy4 (0.199 g, 0.93 mmol) was added, followed by 0.1 mL of 1 M HCI. The reaction mixture
was then stirred overnight at room temperature. The crude mixture was filtered, and the solvent
was removed under reduced pressure. The crude product was purified via flash column

chromatography (2% v/v methanol:DCM) to afford A.7 as a white solid (0.02 g, 27%)).

"H NMR (500 MHz, CD;OD, 9): 6.54-6.56 (d, J = 9.43, 1H), 7.67-7.71 (m, 3H), 7.90-7.92 (d,
J =17.30 Hz, 1H), 8.09-8.11 (d, J = 9.47 Hz, 1H), 8.52-8.50 (d, J = 7.20 Hz, 1H); *C NMR
(125 MHz, CD;0D, J): 104.96, 113.92, 115.15, 121.72, 122.42, 126.74, 128.04, 128.19, 128.54,
136.55, 145.01, 161.40; HRMS-ESI (m/z): [M + H]" calcd for the dimethyl boronic ester

Ci5H13B0s, 268.1016; found, 268.1009.
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0. 0
OH
I LGS
| |
o 0
o 0
A7.3 A3

Compound A.7.3 (0.050 g, 0.155 mmol) and mCPBA (0.032 g, 0.186 mmol) were
dissolved in a 1.5-mL solution of 2:1 v/v ethanol:H,O. The reaction mixture was then stirred
overnight at room temperature. The solvent was removed under reduced pressure, and crude
product was purified via flash column chromatography (50% v/v EtOAc:hexanes) to afford A.3

as a yellow solid (0.017 g, 52%).

"H NMR (500 MHz, CDCl, 9): 6.52-6.54 (d, J = 9.46 Hz, 1H), 7.46-7.48 (d, J = 8.49 Hz, 1H),
7.64-7.67 (m, 2H), 7.69-7.71 (d, J = 8.49 Hz, 1H), 7.84-7.86 (d, J = 9.45 Hz, 1H), 7.86-7.90
(m, 1H), 8.55-8.58 (m, 1H); *C NMR (125 MHz, CDCls, 6): 114.39, 116.08, 122.45, 123.20,
123.70, 124.59, 127.33, 127.93, 128.86, 134.96, 144.36, 151.45, 161.11; HRMS-ESI (m/z): [M

+ H]+ calcd for C13HgOs3, 213.0468; found, 213.0471.



260

HO Triflate Anh. 9] o)
TEA, DCM o g©
o= T o
0 78 °C FE \_0
A A1.2

4-Hydroxy-2,5-dimethyl-3(2H)-furanone (A.1) (1.00 g, 7.80 mmol) was dissolved in
DCM (78 mL), and the reaction was cooled to —78 °C in a dry ice bath. Pyridine (1.57 mL,
19.51 mmol) was then added, followed by drop-wise addition of trifluoromethansulfonic
anhydride (1.57 mL, 9.36 mmol). The reaction mixture was warmed to room temperature and
stirred for 4 h. The solvent was then removed under reduced pressure, and the crude product was
purified via flash column chromatography (60% v/v DCM:hexanes) to afford A.1.2 as a yellow

0il (0.606 g, 30 %).

'HNMR (500 MHz, CDCl, 8): 1.51-1.53 (d, J = 7.15 Hz, 3H), 2.36 (s, 3H), 4.62-4.68 (q, J =
7.21 Hz, 1H); C NMR (125 MHz, CDCL, d): 14.50, 16.32, 82.40, 117.02, 120.21, 129.41,

182.74, 192.40; HRMS-ESI (m/z): [M + H]" calcd for C;H;F;05S, 261.0040; found, 261.0045.
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Pd(dppf)Cl,, KOAc,

O, o 0] Bis(pinacolato)diboron, 0]
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F'e 9N o 80 °C o’B \_0
A.1.2 A.1.3

Compound A.1.2 (0.30 g, 1.15 mmol), KOAc (0.339 g, 3.45 mmol), Pd(dppf)Cl, (0.084
g, 0.115 mmol), and bis(pinacolato)diboron (0.876 g, 3.45 mmol) were added to a Schlenk flask,
which was then evacuated and backfilled with N»(g). Dioxane (11 mL) was deoxygenated by
sonication under high vacuum and backfilled with Ny(g). Deoxygenated dioxane was then
cannulated into the reaction flask, and the reaction mixture was stirred overnight at 80 °C. The
reaction mixture was filtered, and solvent was removed under reduced pressure. The crude
product was purified by flash column chromatography (20%-50% v/v EtOAc:hexanes) to afford

A.1.3 as a white solid (0.086 g, 31%).

'H NMR (500 MHz, CD;OD ) 1.29 (s, 12H), 1.39-1.40 (d, J = 7.15 Hz, 3H), 2.44 (s, 3H),
4.56-4.60 (q, J = 7.18 Hz, 1H); *C NMR (125 MHz, CD;O0D, 9): 16.45, 17.66, 25.05, 84.37,
84.57, 201.66, 210.18; HRMS-ESI (m/2): [M + H]" calcd for Cj;HoBOs, 238.1486; found,

238.1481.
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NalOy, HCI 0

(0]
o THF/H,0 HO
B B
g \_0 HO \_0
1.3

A1,

~

A5

Compound A.1.3 (0.050 g, 0.210 mmol) was dissolved in a 2-mL solution of 4:1
THF/H,0. NalO4 (0.135 g, 0.630 mmol) was added, followed by 0.05 mL of 1 M HCI. The
reaction mixture was then stirred at room temperature for 4 h. The reaction mixture was filtered,
and the solvent was removed under reduced pressure. The crude product was purified by HPLC
(20-90% H,0O:ACN gradient with 0.1% v/v TFA over 75 min). The product was recovered,

frozen, and lyophilized overnight to afford A.5 as a white powder (0.015 g, 46%).

THNMR (500 MHz, CD;0D, 0): 1.39-1.40 (d, J = 7.12 Hz, 3H), 2.31 (s, 3H), 4.54-4.59 (q, J =
7.20 Hz, 1H); BC NMR (125 MHz, CD;0D, 9): 16.58, 17.67, 83.76, 198.62, 210.64; HRMS—
ESI (m/fZ): [M + H]+ calcd for the dimethyl boronate ester CsH;3BO4, 184.1016; found,

184.1018.
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3,4-(Methylenedioxy)phenol (A.2) (0.50 g, 3.62 mmol) was dissolved in DCM (36 mL),
and the reaction mixture was cooled to —78 °C in a dry ice/acetone bath. Pyridine (0.73 mL, 9.05
mmol) was added, followed by drop-wise addition of trifluoromethansulfonic anhydride (0.73
mL, 4.34 mmol). The reaction mixture was warmed to room temperature and stirred for 4 h. The
solvent was removed under reduced pressure, and the crude product was purified via flash
column chromatography (10%-20% v/v EtOAc:hexanes) to afford A.2.1 as a yellow solid (0.90

g, 93%).

"H NMR (500 MHz, CDCl,, d): 6.05 (s, 2H), 6.73-6.77 (m, 2H), 6.80-6.81 (d, J = 8.41, 1H);
3C NMR (125 MHz, CDCl, d): 102.61, 103.52, 108.34, 114.54, 143.60, 147.59, 148.66;

HRMS-ESI (im/z): [M + H]" caled for CsHgF305S, 270.9883; found, 270.9874.
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A.2.1 A.2.2

Compound A.2.1 (0.50 g, 1.87 mmol), KOAc (0.550 g, 5.61 mmol), Pd(dppf)Cl,, (0.137
g, 0.187 mmol) and bis(pinacolato)diboron (1.424 g, 5.61 mmol) were placed in a Schlenk flask,
which was then evacuated and backfilled with N,(g). Dioxane (19 mL) was deoxygenated by
sonication under high vacuum and backfilled with Ny(g). Deoxygenated dioxane was then
cannulated into the reaction flask. The reaction mixture was heated to 80 °C and stirred
overnight. The reaction mixture was filtered, and the solvent was removed under reduced
pressure. The crude product was purified by flash column chromatography (5% v/v

EtOAc:hexanes) to afford A.2.2 as a white solid (0.217 g, 47%).

'HNMR (500 MHz, CDClLs, d): 1.33 (s, 12H), 5.95 (s, 2H), 6.82-6.84 (d, J= 7.73 Hz, 1H), 7.24
(s, 1H), 7.35-7.37 (d, J= 7.70 Hz, 1H); *C NMR (125 MHz, CDCl,, 6): 24.98, 83.85, 100.88,
108.43, 114.07, 129.85, 147.31, 150.28; HRMS—-ESI (m/%): [M + H]" caled for C13H;;BO,,

247.1251; found, 247.1243
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Compound A.2.2 (0.100 g, 0.403 mmol) was dissolved in a 4-mL solution of 4:1
THF/H,0. NalOy4 (0.26 g, 1.21 mmol) was added, followed by 0.1 mL of 1 M HCI. The reaction
was then stirred at room temperature for 4 h. The reaction mixture was filtered, and the solvent
was removed under reduced pressure. The crude product was purified via HPLC (20-90%
H,O/ACN gradient with 0.1% v/v TFA over 75 min). The product peak was recovered, frozen,

and lyophilized overnight to afford A.6 as a white powder (0.011 g, 14 %).

"HNMR (500 MHz, CD;OD, d): 5.92 (s, 2H), 6.82-6.84 (d, J = 7.74 Hz, 1H), 7.07 (s, 1H),
7.15-7.17 (d, J = 7.74 Hz, 1H); ®C NMR (125 MHz, CD;OD, d): 103.24, 110.28, 115.45,
130.57, 149.87, 151.64; HRMS-ESI (m/z): [M - H] calcd for the methyl boronate ester

CsHoBOy4, 178.0557; found, 178.0557.
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6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (A.4) (0.20 g, 0.799 mmol) was
dissolved in DCM (8 mL) and cooled to —78 °C in a dry ice/acetone bath. Pyridine (0.16 mL,
2.00 mmol) was then added to the flask, followed by drop-wise addition of
trifluoromethansulfonic anhydride (0.16 mL, 0.959 mmol). The reaction mixture was then
washed with H,O (3 x 4 mL), and the aqueous layers were combined and acidified to pH 4 with
acetic acid. This solution was then extracted with DCM (3 x 10 mL). The organic layers were
combined, and the solvent was removed under reduced pressure. The crude product was purified
via flash column chromatography (20%—-80% v/v EtOAc:hexanes) to afford A.4.1 as a white

solid (0.243g, 80%).

'HNMR (500 MHz, CD;OD, 6): 1.56 (s, 3H), 1.79-1.84 (m, 1H), 2.11 (s, 6H), 2.18 (s, 3H),
2.33-2.37 (m, 1H), 2.40-2.48 (m, 1H), 2.67-2.71 (m, 1H); *C NMR (125 MHz, CD;OD J):
12.29, 13.23, 14.09, 20.84, 25.35, 29.77, 77.55, 117.19, 119.31, 124.05, 126.71, 127.87, 140.11,
151.27, 178.61; HRMS-ESI (m/z): [M + NH4]" caled for CisHi7F306S, 400.1036; found,

400.1031.
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Compound A.4.1 (0.100g, 0.261 mmol) KOAc (0.077 g, 0.784 mmol), Pd(dppf)Cl,,
(0.019 g, 0.026 mmol) and bis(pinacolato)diboron (0.199 g, 0.784 mmol) were placed in a
Schlenk flask, which was evacuated and backfilled N»(g). Dioxane (3 mL) was deoxygenated by
sonication under high vacuum and backfilled with N,(g). Deoxygenated dioxane was cannulated
into the reaction flask and the reaction mixture was heated to 80 °C and stirred overnight. The
reaction mixture was filtered, and the solvent was removed under reduced pressure. The crude
product was purified by flash column chromatography (20%—-80% v/v EtOAc:hexanes) to afford

A.8 as a yellow solid (0.058 g, 62%)).

"HNMR (500 MHz, CDCls, 6): 1.23 (s, 12H), 1.65 (s, 3H), 1.89-1.95 (m, 1H), 2.17 (s, 6H),
2.24 (s, 3H), 2.30-2.45 (m, 1H), 2.54-2.61 (m, 1H), 2.65-2.70 (m, 1H); *C NMR (125 MHz,
CDCl3, 0): 12.18, 13.38, 14.18, 20.93, 24.65, 24.90, 25.17, 29.85, 75.39, 118.38, 124.56, 127.00,
128.78, 140.48, 150.55, 177.88; HRMS—ESI (m/): [M + H]  calcd for the single methyl

boronate ester C,0H,9BOs, 361.2108; found, 361.2171.
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A.6.3 DPPH radical scavenging assay

Each compound (50 uM) was dissolved in methanol and mixed with 1 equiv of H,O; or
vehicle control, and allowed to stir at room temperature for 1 h. The solvent was removed under
reduced pressure, and the resulting residue was dissolved in 1.0 mL of methanol. A 150-uL.
aliquot of each reaction solution was then added to the wells of a 96-well plate in triplicate.
DPPH (2,2-diphenyl-1-picrylhydrazyl) was then added to each well at a final concentration of 50
uM. Absorbance was measured at 520 nm with a Tecan Infinite M1000 microplate reader for a 0
h time point. The plate was then sealed and gently stirred at room temperature for 1 h. Another
absorbance reading was taken at the 1 h. % Radical-scavenging was calculated by the following
formula: % Scavenging = 100 x (4—A4s)/A. where A. is the absorbance of the solvent blank and
As 1s the absorbance of the sample. Each sample was normalized by the following formula: 100 x

(Afinal-Ainitia)/ (AF-blank/A1-blank)-

A.6.4 MTS cell cytotoxicity assay

HEPG?2 cells were plated at 5,000 cells per well in a 96-well plate. Each boronate, or its
paired phenolic control, was added to the cells at increasing concentration, and incubated for 12
h. The medium was removed and each well was washed with PBS. The cells were then
incubated with CellTiter 96 MTS reagent from Promega (Madison, WI) for 2 h before detection

at 490 nm in a Tecan Infinite M1000 microplate reader.

A.6.5 MTS assay for cellular protection
HEPG?2 cells were plated at 5,000 cells per well in a 96-well plate. Each boronate, or its

phenolic control, was added to the cells at a final concentration of 100 uM and incubated for 2 h.
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The medium was removed, and each well was washed with PBS and replaced with new DMEM
containing 10% v/v FBS. Cells were then treated with H,O, (80 uM) for 12 h. The medium was
removed, and the cells were washed with PBS. The cells were then incubated with CellTiter 96
MTS reagent from Promega for 2 h before detection at 490 nm in a Tecan Infinite M1000

microplate reader.

A.6.6 DCFH-DA assay for intracellular ROS

Intracellular ROS levels were measured in HEPG2 hepatocyte cells exposed to H,O, using
the ROS sensitive reporter chloromethyl-2’,7’-dichlorofluorescein (DCFH-DA). Briefly, HEPG2
cells were plated at 5,000 cells per well in a 96-well plate. After 12 h, the cells were treated with
DCFH-DA for 20 min at a final concentration of 10 uM. The medium was then removed from
each well, the cells were washed with PBS, and suspended with new DMEM medium containing
10% v/v FBS. Cells were then treated with vehicle control, boronate, or parent molecule at a
final concentration of 100 uM for 1 h. Medium was removed, the cells were washed with PBS
and suspended with new DMEM. Cells were then treated with hydrogen peroxide (80 uM final
concentration), and the fluorescence intensity was recorded with excitation at 492 nm and
emission detection at 520 nm every 30 min for 3 h. Between measurements, the plate was

incubated at 37 °C in a 5% CO, atmosphere.
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'H NMR (CDCl;) and *C NMR (CDCls) of Compound A.2.2
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'H NMR (CDCl;) and °C NMR (CDCls) of Compound A.4.1
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'H NMR (CDCl;) and °C NMR (CDCls) of Compound A.8
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Scheme A.1

H,0
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Scheme A.1 Proposed mechansim of radical scavenging by a phenol-contaning small-molecule.
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Figure A.1
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Figure A.1 Endogenous production of intracellular reactive oxygen species (ROS). Superoxide
is generated from the electron transport chain and with quickly converted to H,O, by Cu/Zn
superoxide dismutase 1 (SOD1). Different enzymes then break down H,O, further into more
benign species. Interaction of H,O, with free Cu’ or Fe*" will generate a reactive hydroxyl
radical that has no known process of neutralization.



Figure A.2
(@)
HO e}
HO
\_0 \©:O>
A1 A.2
0 OH
HO B
SeLE 0%
HO o o
A5 A.6

logP ~0.55 1.29

o "0 H
@ Ty
(0]

A3 A4

g °
o” o OH

® °
o}
A7 A.8
2.79 3.66

286



287

Figure A.2 Proposed small-molecule boronates and the active anti-oxidant products. The logP
values were obtained from the literature and refer to the phenolic species.
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Figure A.3 DPPH radical scavenging activity for masked antioxidants. With the exception of
compound A.5, all boronates (blue) lacked radical-scavenging ability. Pre-exposure to H,O, led
to the active phenol and a return of radical-scavenging ability in vitro.
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Figure A.4 Graph of cell viability indicating that boronates A.7 and A.6, as well as the paired
phenolic species (A.3 and A.2), were not cytotoxic up to 100 uM when treated to HEPG2 cells
over 24 h.
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Figure A.5
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Figure A.5 Boronate A.7 and the paired phenol A.3, showed enhanced cytotoxicity when treated
to HEPG2 cells in the presence of H,O, relative to a vehicle control, even at sub-toxic levels of
H,0,.
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Figure A.6
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Figure A.6 DCFH-DA assay for intracellular ROS. Treatment of HEPG?2 cells with boronate A.6
led to less ROS accumulation over time compared to the paired phenol.
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