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Abstract

Despite their desirable attributes, boronic acids have had a minimal impact in biological
contexts. A significant problem has been their oxidative instability. At physiological pH,
phenylboronic acid and its boronate esters are oxidized by reactive oxygen species at rates
comparable to those of thiols. After considering the mechanism and kinetics of the oxidation
reaction, we reasoned that diminishing electron density on boron could enhance oxidative
stability. We found that a boralactone, in which a carboxyl group serves as an intramolecular
ligand for the boron, increases stability by 10*-fold. Computational analyses revealed that the
resistance to oxidation arises from diminished stabilization of the p orbital of boron that develops
in the rate-limiting transition state of the oxidation reaction. Like simple boronic acids and
boronate esters, a boralactone binds covalently and reversibly to 1,2-diols, such as those in
saccharides. The kinetic stability of its complexes is, however, at least 20-fold greater. A
boralactone also binds covalently to a serine side chain in a protein. These attributes confer
unprecedented utility upon boralactones in the realms of chemical biology and medicinal

chemistry.
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Significance Statement

Like thiols, boronic acids are unstable to oxidation in biological contexts, limiting their utility. We
discovered that the rate-limiting step in the oxidation of a boronic acid can be slowed by the
installation of a pendant carboxyl group that is a ligand to the boron atom. The ensuing boronic
acid is ten thousand-fold more resistant to oxidation. Experimental and computational analyses
reveal that the orientational constraints and electronic effects imposed by the carboxyl group act
as intended, slowing the rate-limiting step during oxidation. The new boronic acid retains the
useful attributes of simple boronic acids, such as forming reversible covalent bonds with
saccharides and a protein, and could be useful in chemical biology, medicinal chemistry, and

allied fields.
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The modern pharmacopeia is composed of only a handful of elements. Built on hydrocarbon
scaffolds (1), nearly all drugs contain nitrogen and oxygen, and many contain fluorine and sulfur
(2). A surprising omission from this list is the fifth element in the periodic table: boron (3, 4).
Since bortezomib received regulatory approval in 2003, only four additional boron-containing
drugs have demonstrated clinical utility (Fig. 14). Each is a boronic acid or ester.

Bortezomib is a boronic acid and ixazomib citrate hydrolyzes to one in aqueous solution (5).
Other boron-containing drugs feature cyclic esters. The cyclic ester formed spontaneously from
2-hydroxymethylphenylboronic acid (2-HMPBA) is known as “benzoxaborole” and has received
much attention due to its enhanced affinity for saccharides at physiological pH (6-8). This
scaffold is present in the antifungal drug tavaborole and the antidermatitis drug crisaborole (9).
Vaborbactam, which contains an analogous six-membered ring, is an efficacious B-lactamase
inhibitor (10). Neuropathy has been associated with the use of bortezomib but not other boronic
acids, which have minimal toxicity (11).

The boron atom in a boronic acid (or ester) is isoelectronic with the carbon atom of a
carbocation. Both are sp? hybridized, have an empty p orbital, and adopt a trigonal planar
geometry. In contrast to a carbocation, however, the weak Lewis acidity of a boronic acid allows
for the reversible formation of covalent bonds. This attribute has enabled boronic acids to
achieve extraordinary utility in synthetic organic chemistry and molecular recognition (12-22).
Boronic acids are, however, susceptible to oxidative damage. That deficiency is readily
controllable in a chemistry laboratory but not in a physiological environment.

In a boronic acid, the empty p orbital of boron is prone to attack by nucleophilic species such
as the oxygen atom of a reactive oxygen species (ROS). The subsequent migration of carbon

from boron to that oxygen leads to a labile boric ester, which undergoes rapid hydrolysis (Fig.
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1B). This oxidative deboronation converts the boronic acid into an alcohol and boric acid (23,
24).

We sought a means to increase the utility of boron in biological contexts by deterring the
oxidation of boronic acids. The rate-limiting step in the oxidation of boronic acid is likely to be
the migration of carbon from boron to oxygen: a 1,2-shift (Fig. 1B). In that step, the boron
becomes more electron-deficient. We reasoned that depriving the boron of electron density might
slow the 1,2-shift. A subtle means to do so would be to replace the alkoxide of a boronate ester
with a carboxylate group. We find that the ensuing mixed anhydrides between a boronic acid and

carboxylic acid are remarkable in their chemical attributes and biological utility.

Results
pKa Values and Crystal Structure of a Boronic Acid—Carboxylic Acid Mixed Anhydride.
We began by characterizing the protonation state in water of a simple boronic acid that is capable
of forming a mixed anhydride: 2-carboxyphenylboronic acid (2-CPBA) (25-27). Notably,
boronic acids are Lewis acids that ionize after formation of a complex with water or another
protic solvent. A potentiometric pH-titration revealed that the pK, values of 2-CPBA are
extreme. ''B-NMR titration experiments showed that a single species is dominant from pH 0.9—
12 and has a chemical shift consistent with the monoanion. 2-CPBA was converted to the
dianion at high pH, affording a pKa> value of 13.0 (SI Appendix, Fig. S1). No ''B chemical shift
consistent with a neutral species was observed at any pH value, even in 6 M HCI.

To provide further insight, we crystallized 2-CPBA at low pH and used X-ray diffraction
analysis to determine its structure (Tables S1-S7). Crystalline 2-CPBA was a zwitterion with a
tetrahedral boron atom and protonated hydroxy group (Fig. 24; SI Appendix, Fig. S2). Thus, the

boralactone ring of the anhydride was maintained rather than dissociated into boronic acid and
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carboxylic acid groups. We conclude that the predominant form of 2-CPBA in water is the
monoanionic benzoxaborolone. The monoanion also predominates in DMSO. In CD;0D, the
""B-NMR peak shifts to that of a more neutral species, but one that is still more anionic than a
typical phenylboronic acid (SI Appendix, Fig. S1). Likewise, ''B-NMR analysis of the
homologated 2-carboxymethylphenylboronic acid (2-CMPBA) showed chemical shifts similar to
those of 2-CPBA even in a highly acidic solution, again indicative of a tetrahedral anionic boron.

Boronic Acid-Carboxylic Acid Mixed Anhydrides Resist Oxidation. Next, we assembled
a panel of representative boronic acids for comparison to 2-CPBA (Fig. 24). The homologated
six-membered ring of benzoxaborininone (BON), which derives from 2-CMPBA, deserves
attention. The benzoxaborole moiety (BL) was embodied by 2-hydroxymethylphenylboronic
acid (2-HMPBA). Its homologated analog, benzoxaborinine (BN), has been reported to be stable
in water (28) and was derived from 2-hydroxyethylphenylboronic acid (2-HEPBA).
Phenylboronic acid (PBA) has been studied extensively (29-36) and was used here as a
reference.

Hydrogen peroxide is the major reactive oxygen species in humans (37, 38) and thus
provides a physiologically relevant oxidative deboronation pathway in vitro. The oxidation of
phenylboronic acids by aqueous hydrogen peroxide yields a phenol and boric acid (Fig. 1B). As
the phenol product exhibits a significant blue-shift in UV absorbance relative to the boronic acid
starting material, we were able to monitor oxidation with a continuous assay based on UV
absorbance (S Appendix, Table S8 and Fig. S3) (39). We found that the oxidation rates were
first-order with respect to hydrogen peroxide and boronic acid (S Appendix, Fig. S4). The
ensuing second-order rate constants varied with pH (S Appendix, Table S9) and were half-

maximal for PBA and BL when pH = pK.. We found that oxidation rates increase in a
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pH-dependent manner before and after pH-independent regimes (Fig. 2B), with a high
correlation to the predicted speciation between trigonal and tetrahedral boron based on the pK,
values. These data are consistent with the existence of two pH-independent rate constants, k1 and
k2.

A comparison of boronic acids to thiols is pertinent. The sulfhydryl group is the most
abundant redox-active functional group in physiological contexts. The oxidation of sulfhydryl
groups to disulfides or sulfenic acids is readily reversible by either enzymic catalysts or reaction
with small-molecule thiols, such as reduced glutathione. In contrast, the oxidation of boronic
acids to alcohols is irreversible (Fig. 18). We found that the oxidation rates of PBA and BL at
physiological pH are comparable to those of biological thiols (Table 1). In comparison, BOL is
10*-fold more stable.

In BL and BOL, boron resides in a five-membered ring. We found that the additional
flexibility of a six-membered ring increased oxidation rates. For BN, the oxidation rates showed
two regimes: at low pH the rates were similar to those of BL, whereas at high pH, the rates were
similar to those of PBA. As in the context of a five-membered ring, depriving the boron of
electron density stabilized a six-membered ring against oxidation. At physiological pH, the
oxidative stability of BON was greater than that of BL but less than that of BOL (Table 1 and
Fig. 2B).

B—0O Shift Limits the Rate of Boronic Acid—Carboxylic Acid Mixed Anhydride
Oxidation. To identify the rate-limiting step in the oxidation rate of BOL, we performed a
kinetic competition experiment. Specifically, we employed a fluorogenic boronic acid, coumarin
boronic acid (CBA), which like PBA oxidizes rapidly to form 7-hydroxycoumarin under
conditions that leave BOL intact (Fig. 34) (40). We found that the addition of excess BOL led to

a concentration-dependent reduction in the rate of CBA oxidation (Fig. 3B). Because the rate of
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BOL oxidation is exceeding slow, BOL cannot be consuming hydrogen peroxide. Instead, BOL
is sequestering hydrogen peroxide. This conclusion is consistent with "H-NMR spectra acquired
during the oxidation of BOL (S7 Appendix, Fig. S5). These spectra revealed the accumulation of
covalent intermediates that were not apparent during the oxidation of PBA or BL, and that are
consistent with a tetrahedral complex with hydrogen peroxide anion. Significantly, too, the
second-order rate constant for the complexation of ligands to boronic acids (10°~10° M~'s™) (41-
43) are >10°-fold greater than that of BOL oxidation (Table 1). Thus, we conclude that the B—O
shift of the intermediate rather than its formation limits the rate of BOL oxidation.

Resistance of Boronic Acid—Carboxylic Acid Mixed Anhydrides to Oxidation Derives

from Stereoelectronic Effects. We employed computational analyses to elucidate the physical
origin of the oxidative stability of BOL. BOL and BON exist almost solely as monoanionic
tetrahedral species in aqueous solution (Fig. 24). Accordingly, we facilitated comparisons by
performing all of our calculations on boronic acid monoanions. We used density functional
theory calculations to model stationary points along the reaction coordinate for the oxidation of
each boronic acid, enabling energetic comparisons with the pH-independent rate constant,
kmonoanion. We began by modeling the tetrahedral intermediate formed with hydrogen peroxide
and the boric acid ester products (S7 Appendix, Tables S10 and S11, and Fig. S6). Then, we
calculated transition-state structures for the oxidation reaction (Fig. 4), which replicated the
results of similar systems (44). Optimized transition state structures show a concerted
mechanism in which the 1,2-shift from boron to oxygen is concomitant with oxygen—oxygen
bond cleavage, which agrees with previous mechanistic work (30, 32, 45, 46). The relative rate
constants for oxidation calculated from these structures match exceptionally well with

experimental values (Fig. 5 and S/ Appendix, Table S12).
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Next, we turned to Natural Bonding Orbital (NBO) analysis (47) to reveal interactions that
are responsible for the increased activation energies of BL, BON, and BOL, relative to PBA.
During the transformation from the tetrahedral boronate ester (sp® boron) to the planar, boric acid
ester (sp? boron), the C-B bond breaks and becomes a C—O bond, leaving boron with a vacant p
orbital. We found that the observed differences in reactivity stem from differential stabilization
of the developing p orbital on boron (pg) by neighboring oxygen lone pairs (no) in the transition
state.

Without cyclic constraints, each hydroxy group of PBA stabilizes the developing p orbital on
boron via a classical conjugative no—pg m-bonding interaction (Fig. 44). These interactions are
absent in the starting tetrahedral boronate (where a much weaker no—c*g—c interaction of 8.0
kcal/mol is present) but are worth 35.2 kcal/mol in the transition state.

The structure of the cyclic systems results in a “twisting” of the no, lone pairs out of
conjugation with the pg orbital. This twisting decreases the no ,—pg interaction to 20.4 kcal/mol
in the BL transition state (Fig. 4B8). In addition to decreased no,—pg overlap, the ability of the
no,p orbital to donate electron density is decreased in boralactones BON and BOL by conjugation
to the carbonyl n-system (i.e., ester resonance). This “pulling” decreases the no ,—ps interaction
to 14.8 kcal/mol in the BON transition state (Fig. 4C). Most notably, the no; and pg orbitals in
the BOL transition state approach orthogonality, and the no ,—pg overlap becomes nearly
negligible: 4.0 kcal/mol (Fig. 4D).

Scope of the Resistance to Oxidation of Boronic Acid—Carboxylic Acid Mixed

Anhydrides. The oxidative stability of BOL is unique among phenylboronic acids (S/ Appendix,
Fig. S7). Its stability is not replicated by introducing electron-withdrawing groups on the phenyl
ring or replacing the boronic acid moiety with a trifluoroborate salt. Common boronic acid-

protecting groups, such as pinacol, cyclictriol, citrate, or N-methyliminodiacetic acid (MIDA),
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prevent complexation to intended targets while providing virtually no protection against
oxidation. Even the imine adducts formed by Tris base with 2-formylphenylboronic and
2-acetylphenylboronic acid (48) are more vulnerable to oxidation than is BOL. An oxygen of an
ortho nitro group has been reported to coordinate to boron (49, 50), and 2-nitrophenylboronic
acid is more stable to oxidation than is PBA. Likewise, stability increases with electron density
on the potentially coordinating oxygen of an ortho substituent containing a carbonyl group (51):
formyl < acetyl < methoxycarbonyl < aminocarbonyl. These data with coordinating oxygens are
consistent with the stereoelectronic arguments put forth above. Indeed, the stereoelectronics in
BOL provide more protection against oxidation than does the severe steric hindrance of two
ortho methyl groups. In the end, none of the 26 other substitutions that we examined yields a
phenylboronic acid with oxidative stability that is within 5% that of BOL (Fig. S7).

Boronic Acid-Carboxylic Acid Mixed Anhydride Binds to Saccharides. PBA and BL
are often employed for their ability to form esters reversibly with saccharides (6-8, 12-21). By
using '"H-NMR titration, we found that BOL also forms esters with D-fructose, D-glucose, and
N-acetylneuraminic acid (Neu5Ac), though with a modest loss in affinity compared to PBA and
BL (Table 2). To dissect diol-binding more thoroughly, we used the highly preorganized
nopoldiol-PEG system developed by Hall and coworkers (52) along with "H-NMR spectroscopy.
The affinity of BOL for this ligand was higher than that of BL but lower than that of PBA
(Table 2). Again, though, differences were modest. The differences in kinetics were, however,
substantial. In particular, the association of BOL with nopoldiol-PEG was slow, as was its
dissociation. The BOL-nopoldiol-PEG complex had #, = 4 h, which exceeds by >20-fold that of
complexes formed with other boronic acids. The ability of BOL to form complexes with

1,2-diols that have high kinetic stability could be useful in applications entailing complexation to
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saccharides (6-8, 12-21), including the ribose moiety in nucleoside 5'-triphosphates and at the

3’ terminus of RNA.
Boronic Acid—Carboxylic Acid Mixed Anhydride Acts as a Covalent Pharmacophore.

In addition to forming reversible covalent linkages with saccharides, boronic acids can do
likewise with Lewis bases in proteins. To investigate BOL in this context, we designed and
synthesized stilbene 1. This compound resembles ligands that are known to bind to the tetrameric
form of human transthyretin and thereby deter its aggregation into fibrils that underlie human
amyloidogenic diseases (53, 54). We found that stilbene 1 attenuates the formation of
transthyretin fibrils in a concentration-dependent manner (S7 Appendix, Table S14). Then, we
used X-ray crystallography to determine the three-dimensional structure of the
transthyretin-stilbene 1 complex. We observed that stilbene 1 interacts covalently with
transthyretin, forming a boronate ester with a serine side chain (Fig. 6 and S Appendix,

Fig. S11). Reversible covalent inhibitors like stilbene 1 can accrue benefits from covalency while
avoiding the risks of permanent “off-target” modifications (55, 56).

Conclusions. We have discovered that the formation of a mixed anhydride with a carboxylic
acid greatly increases the oxidative stability of boronic acids. The endowed stability results from
stereoelectronic constraints imposed by the ring through competing donor—acceptor interactions.
The ensuing “twisting” and “pulling” diminishes stabilization of the p orbital that develops on
boron in the rate-limiting step for oxidation. The oxaborolones maintain the signature ability of
boronic acids to form reversible covalent linkages with diols (including saccharides) and
proteins. They could also act as bioisosteres for other functional groups (57, 58). These findings
suggest that oxaborolones could be of utility in chemical biology, medicinal chemistry, and

related venues.
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Materials and Methods

General. Reagents were obtained from commercial sources and used without further
purification. Boronic acids were from Combi-Blocks except for phenylboronic acid (PBA) and
2-hydroxymethylphenylboronic acid (2-HMPBA), which were from Sigma—Aldrich. The
synthesis of boronic acid complexes, (—)-nopoldiol-PEG, and stilbene 1 are described in the
Supporting Information. Human transthyretin was produced with recombinant DNA technology
in Escherichia coli as described previously (54). Phosphate-buffered saline (PBS) was made with
ingredients from Research Products International and contained (in 1.0 L): 0.2 g KC1,0.2 g
KH>POs4, 8 g NaCl, and 2.16 g Na,HPO4-7H,0 at pH 7.3.

NMR spectra were obtained with an Avance-400, Avance-500, or Avance-600 spectrometer
from Bruker. The pH of buffers (10 mM) was determined with an accumet XL50 pH meter from
Fischer Scientific, calibrated with a pH 3.00 reference standard buffer from VWR International
and pH 12.00, 12.45, and 13.00 reference standard buffers from Ricca Chemicals.

All procedures were performed in air at ambient temperature (~22 °C) and pressure (1.0 atm)

unless indicated otherwise.

pK. Determination. A 100 mM solution of 2-CPBA was prepared in 10 mL of 1 M NaOH
containing D>O (5% v/v). The pH of the solution was measured and adjusted with 10 M NaOH
and concentrated HCI, and 0.65-mL samples at known pH values were transferred to 5-mm
quartz NMR tubes from Norell and analyzed by '"H- and "B-NMR spectroscopy, referencing to
the solvent peak. For the samples in 6 M DCI in D>O and 5 M NaOH in D,0, the pH was outside
of the useful range of the pH probe. The acidic sample gave poor referencing from the solvent

peak due to an extreme chemical shift of the water peak, and was referenced to an external
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standard of BF3-Et>,O using a sealed melting-point capillary filled with the reference compound
and placed inside the NMR tube. Two distinct states were observed and were assigned to the
monoanion and the dianion (SI Appendix, Fig. S1). The two peaks in the ''B spectrum were
integrated, the ratio was plotted against the solution pH, and the pK. value reported as the
interpolated pH at which the ratio of the two states was 1:1. For 2-CMPBA, the two states could
not be assigned clearly, and thus no pK, value could be determined. No peaks were observed for
either boronic acid, and thus no pK, value for the transition between trigonal and tetrahedral

states could be determined.

Small-Molecule Crystallography. Crystals of 2-CPBA grew out of the highly acidic conditions
(6 M DCI) in deuterium oxide employed during NMR-titration experiments. Crystals were
roughly 0.5 mm x 0.5 mm X% 0.1 mm. Diffraction data (¢- and w-scans) were collected at 100K
on a Bruker X8 diffractometer coupled to a Bruker Photon3 CPAD detector using MoKa
radiation (1 = 0.71073 A) from an /uS microsource. Diffraction data were reduced with SAINT
software from Bruker, and semi-empirical absorption correction based on equivalents was
performed with the program SADABS (59). The structure was solved with SHELXT and refined

with SHELXL (60, 61). Details regarding the structure are listed in S Appendix, Tables S1-S7.

Chemical Kinetics. Oxidation reactions were monitored by UV absorbance using a Cary 60
UV-vis spectrophotometer from Agilent. Some extinction coefficients were determined with an
M1000 plate reader from Tecan. The extinction coefficient of PBA in PBS was found to be
indistinguishable in the two instruments. Buffers were degassed prior to use. Measurements were

performed with 1.0-mL sample volumes in disposable, plastic, UV-transparent cuvettes. All
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measurements were performed at least in triplicate. Stocks of boronic acids and phenolates were
prepared by dissolving the compounds in buffer, assisted by sonication if necessary. All stock
solutions were prepared on the day of their use.

Initial wavelength scans in the range of 250-350 nm revealed a bathochromic shift between
boronic acids and phenolate (exemplified at pH 7.4 in SI Appendix, Fig. S3). Wavelengths with
optimal signal-to-noise ratios were determined from these spectra and used for single-
wavelength kinetic assays. The hydrogen peroxide used as an oxidant also absorbs light at these
wavelengths. Extinction coefficients for the two reactants and the product were determined at
each pH (SI Appendix, Table S8). Extinction coefficients for the oxidation of boronic acids were
calculated as the difference in absorbance between the product and starting materials with the
equation: Aéoxidation = Ephenol — (Eboronic acid T Enydrogen peroxide)- Initial boronic acid concentrations were
<1 mM, and the final pH of reaction mixtures was confirmed not to change by more than 0.1
units.

Initial velocity kinetic assays were performed by measuring the UV absorbance of 990 uL of
a boronic acid solution and then initiating the reaction by the addition of 10 pL of'a 100x
hydrogen peroxide stock solution. Rates were measured in triplicate. Slopes from the first 10%
of the reaction (or from 10 min of a slow reaction: kobs < 1072 M~ 's™!) were calculated and
converted to units of M/s by dividing by the value of A¢oxidation. Reactions were slow enough not
to require a stopped-flow apparatus, but the initial velocity (v,) for the fastest reactions (kobs >
1 M !s7!) could only be calculated from a few dozen data points. Rates at three different
concentrations of boronic acid and hydrogen peroxide were measured and determined to be first-
order with respect to both substrates (SI Appendix, Fig. S4). Second-order rate constants were

determined with the equation: kobs = vo/([boronic acid][hydrogen peroxide]).
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Evaluation of pH-Dependence. The pH-dependence of oxidation reactions was assessed by
using the buffers listed in ST Appendix, Table S8. Reactions conducted at pH > 11.7 (which is the
pKa of hydrogen peroxide) engendered the evolution of gas. These rates, which were slower than
expected, were omitted from the analysis, though the relative rates of the different boronic acids

at pH >11.7 fitted the expected trend.

Competition Assay. Initial velocity kinetics were performed by monitoring the oxidation of
coumarin boronic acid (CBA) by hydrogen peroxide in PBS. The production of
7-hydroxycoumarin at ambient temperature was monitored by measuring the increase in
fluorescence emission at 450 nm following excitation at 365 nm using a Quantamaster
spectrophotometer from Photon Technologies International. Slopes for the oxidation of 500 nM
CBA were confirmed to be linear from 5-500 uM hydrogen peroxide, thus providing a useful
range in which a reduction in velocity provides a metric to assess the formation of a competitive
complex formed between hydrogen peroxide and 2-CPBA. Oxidation of 500 nM CBA reached
10% completion after roughly 100 s, in which time negligible amounts of 2-CPBA would be
oxidized. CBA oxidations were performed with 0.50 uM CBA in the presence of 2-CPBA (0—
250 mM) and hydrogen peroxide (0.50 mM). Values of ofluorescence/ot were obtained by linear
regression analysis, normalized to the value with 0 mM 2-CPBA, and plotted as a function of

2-CPBA concentration using Prism 8 software from GraphPad.

Computational Analyses. Structure optimizations were performed using Gaussian 16 software

from Gaussian at the M06-2X/6-311+G(d,p) level of theory and employing the IEFPCM
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solvation model for water (62-64). Frequency calculations were performed to confirm each
stationary point as a minimum or first-order saddle point. Rotamers about the B-O and O-H
bonds were examined to reveal the global minimum-energy conformation. Energies for those
conformations and imaginary frequencies of transition states are listed in SI Appendix, Table
S10. Coordinates are listed in the Supporting Information.

Natural Bonding Orbital (NBO) analysis of the optimized structures were conducted with
NBO 6.0 software (47). Interaction energies, PNBO overlap integrals (S), and the off-diagonal
NBO Fock Matrix elements (which are proportional to the overlap integrals) are listed in S/
Appendix, Table S13. The NBO “$SCHOOSE” keyword was used to give the desired Lewis

structure for the BL and BON transition states.

Binding to Saccharides. The affinity of boronic acids for saccharides was evaluated by using
"H-NMR spectroscopy to determine the ratio of complexed to uncomplexed boronic acid, as
described previously (65). Due to its low affinity, D-glucose was used at twice the concentrations

of other saccharides. Representative 'H-NMR spectra are shown in SI Appendix, Fig. S8.

Binding to (-)-Nopoldiol-PEG. Measurements of kon and Keq for the binding of boronic acids to
(—)-nopoldiol-PEG was performed as described previously (52). Representative 'H-NMR spectra

are shown in SI Appendix, Fig. S9 and S10.

Inhibition of Fibril Formation. Transthyretin fibril formation and the inhibition thereof was

assessed with light scattering, as described previously (54, 66). Data are listed in Table S14.
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Protein Crystallography. Protein stocks of transthyretin were concentrated to 6.0 mg/mL in
10 mM sodium phosphate buftfer, pH 7.6, containing KCI1 (100 mM). Transthyretin stocks were
incubated with a 10-fold excess of benzoxaborolone 1 for 30 min at room temperature. Crystals
of transthyretin were obtained by hanging-drop vapor diffusion by twofold dilution of complex
stocks with mother liquor containing 1.3 M sodium citrate buffer, pH 5.5, containing glycerol
(2% v/v) to form 4-uL drops. Crystals grew within 24 h. Crystals were cryo-protected with a
solution of 1.5 M sodium citrate buffer, pH 5.5, containing glycerol (10% v/v). Single-crystal
X-ray diffraction experiments were performed with a Bruker X8 diffractometer equipped with a
Bruker Photon3 detector using CuKo radiation (A = 1.54178 A) from a /uS source. Data were
indexed with APEX3 software, reduced with SAINT, and scaled and absorption corrected using
SADABS (59). Data collection statistics are listed in S Appendix, Table S15.

The atomic structure of the transthyretin-stilbene 1 complex was solved by molecular
replacement using the Phaser program as implemented in PHENIX and employing PDB entry
Sudf (54) as a search model. Iterative refinement and model building was performed with
phenix.refine, and COOT (67, 68). Densities were observed in the T4-binding pockets. Restraints
for stilbene 1, with both borolone moieties in the tetrahedral state, were generated with eLBOW
and the ligand was placed with COOT. There was insufficient density for both hydroxy groups
for the boron in the interior of the pocket, and they were removed for subsequent refinement. In
the ensuing model, the hydroxy group of an alternative conformation of Ser117 was found to be
co-planar with the interior benzoxaborolone ring, indicative of the formation of a trigonal ester.
Additional restraints were imposed to provide accurate bond distances and angles, as described

previously (54).
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Table 1. Second-Order Rate Constants for the
Oxidation of Boronic Acids and Biological Thiols
by Hydrogen Peroxide at Physiological pH.

Compound kobs (M7's™")  Kops(PBA)/Kobs
PBA 24 1

BL 24 1.0

BN 8.1 0.30

BON 0.041 5.9 x 10°
BOL 0.00015 1.6 x 10*
Cysteine? 2.9 0.83
Cysteamine? 2.9 0.83
N-Acetylcysteine®  0.16 1.5 x 10°
Glutathione? 0.87 2.8

@Values are from ref. 69.
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Table 2. Thermodynamic and Kinetic Parameters for Boronic Acid Oxygen-Exchange and
Binding to Saccharides and Nopoldiol-PEG

Saccharide binding
Ka (M) Nopoldiol-PEG binding
B(;r((:)igic D-fructose D-glucose Neu5Ac Ka (MY kon (M's71)° kott (s71)?
PBA 128 + 20 5+1 13+1 3000+ 1600 34%1.8 (1.1+£0.9)x 1073
BL 336 £43 28+4 43+5 550 + 20 >50 >(9.1£0.3) x 1072
BOL 23+2 1.7+01 6.0+£05 2300+380 0.12+0.05 (5.2+23)x10°

#Values for BOL are the mean + SD of at least 5 independent measurements (S/ Appendix,
Fig. S8). Values for PBA and BL are from ref. 65. "Mean + SD of at least 4 independent
measurements. ‘Values are the mean + SD of 3 independent measurements (S/ Appendix,
Fig. S9 and S10). The value of kon for BL was too large to be determined with "H-NMR
spectroscopy. “Calculated as Kot = Kon/Ka.
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FIGURE LEGENDS

Fig. 1. (A) FDA-approved pharmaceuticals containing a boronic acid. (B) Putative mechanism

for the oxidative deboronation of a boronic acid by hydrogen peroxide (30).

Fig. 2. (A) Structures of relevant hydration and protonation states, and pK, values of
benzoxaborinine (2-HEPBA: BN) (70), phenylboronic acid (PBA) (71), benzoxaborole
(2-HMPBA; BL) (70), benzoxaborininone (2-CMPBA; BON), and benzoxaborolone (2-CPBA;
BOL) (this work). Inset: ORTEP diagram of hydrated BOL from X-ray crystallography. (B)
pH-Dependence of the observed second-order rate constant for the oxidation of boronic acids
by hydrogen peroxide. Data were fitted to the equation kobs = k1 + k2/(1 + 10°%@~PH) by using pKa
values in panel A to give ki = (3.2 +0.6) x 10° M™'s™ ko =59+ 5 M™'s™" for BN; k1 = (1.1 £ 0.2)
x102M s ko =49+ 4 M 's7 for PBA; ki1 = (3.4 +0.4) x 10 M7's™ k. =4.2+ 0.2 M 's™" for
BL;and ki = (1.6 £0.1) x 10* M 's™, k, = 9.7 + 1.3 M"'s™" for BOL. Data for BON show no

pH-dependence with a mean kobs = 0.041 + 0.017 M~'s™.

Fig. 3. Inhibition of the oxidation of coumarin boronic acid by BOL. (A) Scheme depicting the
competition assay. (B) Plot of initial rates of the oxidation of CBA (0.50 uM) by H>O, (0.50 mM)
in PBS in the presence of BOL (0-250 mM). Data are derived from the fluorescence of

7-hydroxycoumarin.

Fig. 4. Structures of key overlapping orbitals in the transition state for the B—O shift during the
oxidation of (A) PBA, (B) BL, (C) BON, and (D) BOL. As calculated at the M06-2X/6-311+G(d,p)
level of theory. Images were created with NBOView 1.1. Numerical data are the second-order
perturbation energies (E?) and PNBO overlap integrals (S) for the no ,—ps interaction in the

transition states. Additional computational data are listed in Table S13.
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Fig. 5. Graph of experimental and calculated relative rate constants for the oxidation of the
monoanionic forms of PBA, BL, BON, and BOL by hydrogen peroxide. Images show the
calculated structure of the transition states for the rate-limiting 1,2-aryl shift during the oxidation
reaction. Structures were optimized at the M06-2X/6-311+G(d,p) level of theory using the

IEFPCM solvation model. Values of kmonoanion are listed in Table S12.

Fig. 6. Crystal structure of stilbene 1 bound to human transthyretin, showing the formation of a

boronate ester with Ser117 (PDB entry 6u0q).
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Fig. 4
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