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Combining 2-formylphenylboronic acid with 4-hydrazinylbenzoic
acid in neutral aqueous solution at low, equimolar concentrations
of the reagents results in a single, stable product, a 1,2-dihydro-1-
hydroxy-2,3,1-benzodiazaborine, in a matter of minutes with no
side products. Application of this reaction to protein conjugation
demonstrates that the reaction is orthogonal to protein functional
groups, and the resulting conjugate withstands SDS-PAGE analysis.
This reaction should be particularly useful for couplings that must
be performed with low concentrations of reagents under
physiologically compatible conditions.

Bioorthogonal reactions occur under conditions that are
compatible with a biological environment, with exogenous
functional groups that form a covalent bond with one another
without reacting with endogenous reactive functional groups.1
Owing to their utility in site-specific bioconjugation reactions, a
variety of classes of reagents are widely used and discovery of
new reactions is a very active area of research.”® A remaining
challenge for many of these reactions is that they occur slowly
at physiological pH. High concentrations of one or both of the
reagents, catalytic additives, or acidic conditions are often
required for these reactions to proceed.7 These conditions may
be incompatible with the biological system, uneconomical or
infeasible.®

One of the oldest bioorthogonal reactions is that of
heteroatom-bonded amines, referred to as “a-effect amines”
(hydrazine, hydrazide, and other amine-nitrogen compounds,
aminooxy reagents, etc.), with carbonyl functionalities
(aldehydes or ketones).9 These reactions occur readily in
acidic aqueous solution but tend to be slow at physiological
pH. In spite of the reaction characteristics, hydrazone and
oxime forming reactions have been used successfully for many
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1 including construction of drug-

types of bioconjugations,w'
antibody conjugates.u’ 13

The speed of the conjugation reaction at neutral pH can be
significantly increased by nucleophilic catalysis using aromatic
Large excess of the catalyst is required, however,
since imine formation between the carbonyl and the aromatic
amine is responsible for the increased overall reaction rate.
Intramolecular catalysis of hydrazone and oxime formation has
been explored to increase the speed of the hydrazone or
oxime-forming reaction without high concentrations of
additives.” '® We have been interested in intramolecular
catalysis of hydrazone formation by modification of aromatic
aldehyde electrophiles. We discovered that a phosphate
group ortho- to an aldehyde could serve as an intramolecular
acid catalyst, enhancing the reaction rate by a factor of ~20 at
pH 7. It was of interest to assess whether a Lewis acid
similarly situated could catalyze hydrazone formation, which
we approach using model compounds.

We have found that an ortho-boronic acid on an aromatic
aldehyde accelerates the speed of reaction of the aldehyde
with an aromatic hydrazine by at least three orders of
magnitude. The resulting product, however, is not the
expected hydrazone. Instead, a second dehydration reaction
occurs, forming a substituted 1,2-dihydro-1-hydroxy-2,3,1-
benzodiazaborine as the final product(Figure 1).
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Figure 1. Structures of salicyaldehyde (Sal, 1), p-hydrazinylbenzoic acid (HBA, 2), the
hydrazone of Sal and HBA (3), 2-formylphenylboronic acid (2fPBA, 4), and the product
of 2fPBA and HBA (5)

Model compounds selected for study were salicylaldehyde

(Sal, 1), 4-hydrazinylbenzoic acid (HBA, 2) and 2-
formylphenylboronic acid (fPBA, 4). Sal was chosen as the
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aromatic aldehyde because we have previously performed a
number of kinetic and structural studies of hydrazones formed
with orl*ho—hydroxybenzaIdehydes.ls"20 The progress of the
reaction HBA with fPBA or with Sal was monitored by
absorption difference spectroscopy. Initially, the reactions
were performed under pseudo-first order conditions (325 uM
aldehyde + 32.5 uM HBA) and data points were collected every
5 minutes. Under these conditions, hydrazone formation
between Sal and HBA (3) was complete in about 3 hours. (ESI,
Figure S1) Surprisingly, the reaction between fPBA and HBA
was complete before the first data point was collected.
It was therefore necessary to use much
concentrations of fPBA and HBA to measure the reaction
kinetics. Figure 2 shows a typical plot of absorption difference
spectra as a function of time collected under second order
conditions (5 uM fPBA, 5 uM HBA). In the hydrazone-forming
reaction between Sal and HBA, there is an increase in the low
energy absorption band as the reaction progresses (ESI, Figure
S1). In the reaction of fPBA and HBA, however, there is an
rapid increase in the low energy region of the absorption
spectrum that decreases over time and a peak at higher
energy, which increases and shifts to higher energy over time.
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Figure 2: Absorption difference spectra of fPBA and HBA in 0.1 M phosphate buffer, pH
7, (5 uM each, final concentration) as a function of time. Note that the absorptivity of
the low energy band initially increases and then decreases over the course of the

reaction.

These data are consistent with an initial, very fast second
order reaction between fPBA and HBA, in which a hydrazone is
formed. Hydrazone formation is immediately followed by a
unimolecular dehydration reaction to form the final product, a
substituted 1,2-dihydro-1-hydroxy-2,3,1-benzodiazaborine
(DAB). The changes in the absorption spectrum as a function
of time provide qualitative support for this idea. The
immediate appearance of a lower energy band in the
difference spectrum is characteristic of hydrazone formation.
It is known that the absorption spectra of hydrazones of
aromatic aldehydes are red-shifted compared to those of the
parent aldehyde.21 Loss of this low energy band over time is
accompanied by an increase in a higher energy region of the
spectrum is consistent with a conjugated system becoming an

aromatic molecule. This observation is consistent with the
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absorption properties of known DABs that resemble the
aromatic heterocycle isoquinoline, which has an absorption
maximum near 300 nm.? The absorption maximum of the
final product of fPBA and HBA reaction is ~¥305 nm (Figure S2,
ESI).

Further evidence that the second step of the reaction is
unimolecular was found by collecting kinetic data at varying
concentrations of the two components. The decrease in
absorption at 350 nm as a function of time was essentially
invariant with concentration, as expected for a unimolecular
reaction. (ESI, Figure S3) In order to obtain parameters for
both steps of the reaction, subsequent experiments were
performed under pseudo-first order conditions. The data were
fit to a kinetic model of two sequential first order reactions.
The rate constant for the second step of the reaction was
consistently 0.014 — 0.016 st at 25 °C. The second order rate
constant, calculated from the pseudo-first order rate constant
for the first step of the reaction, is in the range of ~10° M7s?
(~1500 — 2500 M'ls'l, four different experiments). There is
more error in this value owing to the speed of the reaction.
Figure 3 shows that a significant portion of the second order
reaction is complete before data collection could commence.
Alternative methods of data collection are required to get
precise rate constants, and these experiments are currently
underway.
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Figure 3: Kinetic data collected under pseudo-first order conditions. Absorption

difference spectra of 50 pM HBA + 2.5 uM fPBA were collected as a function of time.
Data were fit to two sequential first order reactions using Olis GlobalWorks software. A
plot of the change in absorption at 350 nm vs time is shown (red points), which is
proportional to the concentration of the intermediate hydrazone as a function of time.
The dashed line is the theoretical curve for k; = 0.114 s (pseudo-first order rate
constant for the formation of the hydrazone) and k, = 0.015 st (first order rate
constant for formation of the DAB), which were obtained from the global fit of the

spectral data.

The presence of the boronic acid ortho- to the aldehyde
therefore increases the rate of hydrazone formation by about
three orders of magnitude. This is similar to the rate
enhancement observed for oxime formation with o-formyl
phenylboronic acids.” A significant difference in this system is
its ability to undergo a second dehydration reaction and form
a stable aromatic heterocycle, a DAB, as the final product.

This journal is © The Royal Society of Chemistry 20xx
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DABs are a little known group of aromatic heterocyclic
molecules that contain a boron atom and two nitrogen atoms.
Gronowitz, Dewar, Dougherty and others reasoned that the
10-electron system of a DAB fused to an aromatic or
heteroaromatic ring should be planar and fully conjugated if
the lone pair on the nitrogen atom interacted with the empty
orbital on the boron atom.?*?®
prepared in the 1960’s, have been prepared by typical
synthetic means (organic solvent, acid catalyst, heat, and/or
high concentrations of reagents).y"30 To confirm that this DAB
can be formed in neutral aqueous solution, 5 was prepared by
mixing fPBA with HBA in water at a concentration of about 100
mM. A white precipitate formed, which was isolated and
dissolved in DMSO-d6 for NMR. The compound was
characterized by lH, 3¢ and B NMR and mass spectrometry
(ESI). In a second experiment, 2 mM solutions of fPBA and
HBA in water containing 10% D,0 were mixed in a 1:1 ratio.
The 'H NMR spectrum of this product conforms to that of the
molecule in DMSO-d6. (ESI)

Owing to the aromatic character of the boron heterocycle,
the product of this reaction would be expected to be more
stable than a corresponding hydrazone. We have found that 5
is highly stable in neutral aqueous solution. There is
essentially no decomposition of the molecule in pH 7 buffer for
a period of one month. Figure 4A shows the proton NMR
spectrum of 5 that results immediately after mixing the
solutions of fPBA and HBA in pH 7 buffer. Figure 4B is a
spectrum of the same solution after 30 days at room
temperature.

These compounds, first
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Figure 4. Proton NMR spectrum of 5 in immediately after mixing fPBA and HBA to a
final concentration of 2.5 mM each in 0.1 M phosphate buffer, pH 7.0, containing 10%
D,0.

A criterion for a reaction to be employed in a biological
setting is that the reagents are orthogonal to endogenous
functional groups. Cal et al. have shown that fPBA forms a
stable iminoboronate with lysine residue that is reversible.
The interaction has been exploited for modification of lysine
residues in proteins with fPBA-containing molecules.’™ ** we
have performed a few preliminary experiments to determine
whether endogenous nucleophiles might interfere with the
reaction. No effect on reaction kinetics was observed in the
presence of millimolar concentrations of lysine, glutathione or
sucrose (ESI).

This journal is © The Royal Society of Chemistry 20xx

Application of this reaction for bioorthogonal couplings
was assessed using a model system. A fluorescent 2-
formylphenylboronic acid ester (6, Figure 5) was synthesized
as described in ESI. No attempt was made to deprotect the
molecule prior to use in the biological coupling reaction. Many
boronic acid esters hydrolyze readily in agueous solution® and
therefore should also be suitable precursors to DABs. This
hypothesis was confirmed using the pinacol ester of 2fPBA.
The esterified 2fPBA was allowed to react with HBA and the
reaction was monitored by absorption difference
spectroscopy. The results were comparable with those of the
boronic acid (ESI, Figure S3).

Next, HBA was covalently attached to bovine serum
albumin (BSA) through a hydroxysuccinimidyl ester derivative
of the molecule (7). Probe 6 was allowed to react with
unmodified BSA or with BSA-hydrazine for 15 min at room
temperature at a molar ratio of 1:3 (BSA:probe 6) in 10 mM
phosphate buffer (pH 7.0), after which small molecules were
removed by rapid gel filtratration. The hydrazine-containing
protein retained the fluorophore, while the unmodified
protein did not (Figure 6). Figure 7 shows these samples after
SDS-PAGE analysis. It is seen in figures 6 and 7 that the
fluorophore covalently attaches to the hydrazine
functionalized BSA, thereby demonstrating that this chemistry
is amenable to bioconjugation processes. Additionally, the
DAB remains intact through the high pH of the resolving gel
and the acidic pH of the destaining solution, indicating that the
aromatic heterocycle is sufficiently stable to allow for
downstream analysis of a biomolecule conjugate.

PhNHNH,

Figure 5. Coumarin-fPBA ester conjugate (6), NHS-ester for labeling BSA with HBA (7)
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Figure 6: Emission spectra of BSA-hydrazine and BSA reacted with or without probe 6
excited at 320 nm. BSA or BSA-hydrazine (final concentration 25 uM) was allowed to
react with or without probe 6 (final concentration 75 pM) at room temperature for 15
min. Excess probe was removed by rapid gel filtration chromatography and emission
spectra of equal concentration of each protein sample were obtained.

BSA-hydrazine
+ probe 6

BSA
+ probe 6

Figure 7: SDS-PAGE of BSA or BSA-hydrazine after reaction with probe 6.

In conclusion, the reaction of an aromatic hydrazine, 4-
hydrazinylbenzoic acid, with ortho-formylphenylboronic acid in
aqueous solution at pH 7 is remarkably fast, but the product of
Instead, the
hydrazone is presumably an intermediate in formation of the
The reaction

the reaction is not the expected hydrazone.

final product, which is an aromatic heterocycle.
occurs in dilute aqueous solution and forms a single product,
which is stable in neutral aqueous solution over a period of
weeks. The reaction is orthogonal to protein functional groups,
and the product of the reaction is stable for weeks at pH 7 and
is stable to SDS-PAGE analysis. The fast kinetics of the reaction
at micromolar concentrations, the ability to form a single
product at 1:1 molar ratio, and the stability of the phenyl-
substituted DAB suggests that coupling reactions of this type
will have a broad range of applications, especially in biological
systems .
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