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BIOREVERSIBLE BORONATES FOR
DELIVERY OF MOLECULES INTO CELLS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional
application 62/029,391, filed Jul. 25, 2014 which is incor-
porated by reference herein in its entirety. This application
is also a continuation-in-part of U.S. application 113/745,
737, filed Jan. 18, 2013, which in turn claims the benefit of
U.S. provisional application 61/588,120, filed Jan. 18, 2012.

STATEMENT REGARDING U.S.
GOVERNMENT FUNDING

This invention was made with government support under
GMO044783 awarded by the National Institutes of Health.
The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

The utility of many biologic drugs is limited by inefficient
cellular delivery [1]. Additional problems include biological
instability, poor biodegradability or immunogenicity [le].
Previous efforts to overcome this limitation have focused
largely on the use of cationic domains, including peptidic
cationic species (e.g., HIV-TAT, penetratin, and nonaargi-
nine and more generally cell penetrating peptides (CPP)) or
non-peptidic cationic species (e.g., PAMAM dendrimers and
polyethylimine), to enhance the attraction between a che-
motherapeutic agent and the anionic cell surface [2]. Natural
ligands (e.g., folic acid, substance P, and the RGD tripeptide)
have also been used to facilitate cellular delivery by target-
ing agents to specific cell-surface receptors [3]. Such meth-
ods have been applied, for example, to delivery of peptides,
proteins, nucleic acids and analogs thereof, reporters and
labels, various pharmaceuticals and drugs and various small
molecules as well as particles. Although some of these
methods have had some success, there remains a need in the
art for additional delivery strategies.

The cell surface of many prokaryotic and eukaryotic cells
is coated with a dense forest of polysaccharides known as
the glycocalyx [4]. Targeting of therapeutic agents to the
glycocalyx might enhance their cellular delivery, as has been
demonstrated with lectin conjugates [5]. Boronic acids read-
ily form boronate esters with the 1,2- and 1,3-diols of
saccharides [6], including those in the glycocalyx [7]. In
addition, boronate groups are compatible with human physi-
ology, appearing in chemotherapeutic agents and other rem-
edies [8]. The present invention relates to the use of pendant
boronic acids to mediate the delivery of a cargo molecule
into mammalian cells.

Boronic acids have been employed in the development of
sensors for glycans [6] and in the development of boron
neutron capture therapies for cancer treatment [24]. Boronic
acids have also been reported as useful in glucose sensors for
the controlled release of insulin [8d]. Certain diboronic acid
compounds have been reported useful as fluorescent sensors
for certain cancer cells which express sialyl Lewis X [7b].
Boronic acids have been reported useful in drug delivery
applications, for example, to transport nucleotides and
monosaccharides across liposomal bilayers [8a, 25], for
labeling of liposomes for increased affinity for erythrocyte
ghosts [7a] and for enhancement of PEI-DNA complexation
for transfection reagents [8e]. Phenylboronic acid-(PBA-)
functionalized polymers [26, 27] and nanoparticle com-
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plexes [28, 29, 30] have been loaded with small-molecule
chemotherapeutic agents. These approaches employ large,
complex assemblies that use PBA as a reactive functionality
[31] or in the architecture of the delivery complex 32-36].
PBA has also been expanded to deliver protein cargos under
conditions of oxidative stress [34] and to deliver DNA. [8e,
37]

U.S. Pat. No. 4,499,082 reports certain alpha-aminobo-
ronic acid peptides as reversible inhibitors of proteolytic
enzymes. U.S. Pat. No. 6,018,020 relates to boronated
amino acid derivatives which are viral proteinase inhibitors.
U.S. Pat. Nos. 6,465,433; 6,548,668; and U.S. published
application 2009/0325903 report certain amino acid and
peptidyl boronic acids as inhibitors of proteasome function
and more specifically as inhibitors of HIV replication in an
animal. In each of these references, a carboxylic acid group
of an amino acid is replaced with a boronic acid group
(—B(OH),) or an ester thereof. Each of these references is
incorporated by reference herein in its entirety for its
description of amino acids and peptidyl boronic acids and
any description therein of methods of synthesis thereof.

U.S. published application 20110059040 relates to meth-
ods for inhibiting the activity of a virus or bacterium by
contacting the virus or bacterium with a polymer function-
alized with at least one boronic acid moiety, including one
or more substituted or unsubstituted arylboronic acids, par-
ticularly phenylboronic acids. Certain multivalent benzo-
boroxole functionalized polymers have been reported to
inhibit microbicide entry [8b].

U.S. Pat. Nos. 5,594,111; 5,594,151, 5,623,055; 5,777,
148; 5,744,627, 5,837,878; and 6,156,884 relate to phenyl-
boronic acid complexing reagents and complexes formed
with such complexing reagents which are reported to be
useful for preparation of bioconjugates. Similar reports of
phenyldiboronic acid complexing reagents and complexes
formed therewith are found in U.S. Pat. Nos. 6,075,126;
6,124,471, 6,462,179 and 6,630,577. Each of these refer-
ences is incorporated by reference herein in its entirety for
descriptions of phenylboronic acid compounds and phe-
nyldiboronic acid compounds and methods of synthesis
thereof.

The physical properties including sugar binding proper-
ties of certain benzoboroxoles and benzoxaborins have been
studied [13, 22, 27]. Syntheses of certain benzoboroxoles
have been reported [30-36]. A review of applications of
benzoboroxoles has been provided [28]. These references
are incorporated by reference herein for methods of synthe-
sis and sugar binding properties of benzoboroxoles.

The design, synthesis and screening of a library of pep-
tidyl bis(boroxoles) as receptors for the tumor marker TF-
Antigen disaccharide in water has been reported [22]. The
library components contained a free amine, a certain PEG
linker, two diaminoproponic acids residues to which ben-
zoboroxole groups were attached separated by a central
amino acid (where the library components were randomized
with 20 selected natural and non-natural amino acids) and a
capping group (where the library components were random-
ized with 20 selected capping groups). This reference is
incorporated by reference herein for its description of the
library species and methods of synthesis of the library
species. Any peptidyl bis(boroxoles) noted in this reference
can optionally be excluded from the claims herein.

Gold electrodes activated by phenylboronic acid diazo-
nium salts are reported for the reversible immobilization of
eukaryotic cells [7c]. An electrochemical cell sensor for the
determination of K562 leukemia cells using 3-aminophe-
nylboronic acid (APBA)-functionalized multiwalled carbon
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3
nanotubes (MWCNTs) films is reported [7e]. K562 leuke-
mia cells are reported to be bound to the APBA-function-
alized MWCNTs film via boronic acid groups. This refer-
ence is incorporated by reference herein in its entirety for
descriptions of phenylboronic acid diazonium salts and
synthesis thereof.

SUMMARY OF THE INVENTION

The present invention relates to methods for enhancing
cellular uptake of a cargo molecule by boronating the cargo
molecule, particularly with one or more phenylboronic acid
groups. In a specific embodiment, cellular uptake includes at
least partial uptake into the cytosol. Cellular uptake may be
in vivo or in vitro. The method of the invention is generally
useful for the delivery of any desired molecule into a cell
and specifically includes nucleic acids and analogs thereof;
nucleotides and analogs thereof; peptides and proteins;
drugs (e.g., anticancer drugs, alkylating agents, antimetabo-
lite, cytotoxic agents; antibiotics, and the like); reporter
molecules or labels (e.g., fluorescent labels, isotopic labels,
imaging agents, quantum dots, and the like).

In specific embodiments, the cargo molecule carries an
amine functionality which can react with a phenylboronate
reagent to facilitate attachment of the phenylboroante to the
cargo molecule. In an embodiment, the phenylboronate is
attached to the cargo molecule by formation of one or more
covalent bonds. In a specific embodiment, the cargo com-
prises a quantum dot carrying amine functionality. The cargo
molecule can include combinations of the species listed
above, wherein the species are bonded to each other, par-
ticularly where the species are covalently bonded to each
other. For example, a cargo molecule may combine a pep-
tide, such as a CPP or a nuclear localizing signal with a
nucleic acid, or combine a fluorescent, isotopic or other label
with a nucleic acid and or peptide. In a specific embodiment,
the cargo is or comprises a molecule which affects, regulates
or modulates gene expression in the cell, including a mol-
ecule which inhibits or decreases gene expression or a
molecule which initiates or enhances gene expression. In a
specific embodiment, the cargo molecule is a peptide or a
protein, for example, an enzyme. In a specific embodiment,
the cargo molecule is a fluorescent protein.

In one embodiment, the boronating method relates to
forming one or more bonds between the cargo molecule and
one or more phenylboronic acid groups to boronate the cargo
molecule. In this embodiment, one or more phenylboronic
acids substituted to contain a reactive group, as described
herein, are reacted with one or more reactive groups of the
cargo molecule. More specifically, the one or more bonds
formed may be covalent bonds formed between one or more
reactive groups on the cargo molecule and a reactive group
on the one or more phenylboronic acid compounds. The
reaction of these reactive groups results in the formation of
a linking moiety between the phenylboronate group and the
cargo molecule. The linking moiety comprises the covalent
bond or bonds newly formed by reaction, can also comprise
residual moieties from the reactive groups and can contain
one or more selected spacer moieties. For example, the
reactive groups on the cargo molecule or the reactive groups
on the phenylboronate compound can themselves be option-
ally attached to the cargo molecule or the phenylboronate
group, respectively, via a spacer moiety. In this case the
linking moiety that results from reaction of the reactive
groups contains any such spacing moieties in the starting
cargo molecule or phenylboronate compounds, bonds that
are formed by reaction of reactive groups and any residue of
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the reactive groups. In a specific embodiment, the linking
moiety between the phenylboronate and the cargo molecule
also contains a label which functions to label the cargo
molecule.

In a specific embodiment, the phenylboronate groups are
bonded to the cargo molecule via linking moieties that can
be selectively cleaved. In a more specific embodiment,
phenylboronate groups can be cleaved from the cargo mol-
ecule after the boronated cargo molecule is introduced into
the cell, particularly by cleavage of a lining moiety. In a
specific embodiment, the cleavable linker contains a latent
reactive group, which is selectively activated to cleave the
linker and thereby cleave the phenylboronate(s) from the
cargo molecule. In other specific embodiments, the linker is
cleaved via selective activation of a latent reactive group on
the phenyl boronate which functions to cleave the linker
molecule and thereby cleave the phenylboronate(s) from the
cargo molecule. In a specific embodiment, the phenylboro-
nates are esterase releasable, e.g., the linker between the
phenylboronate and the cargo molecule is cleavable by
esterase action. In more specific embodiments, the linker is
cleavable by a trimethyl lock mechanism. In other specific
embodiments, the linker is a coumarin-based esterase releas-
able linker moiety.

In a specific embodiment, the linking moiety between the
phenylboronate and the cargo molecule also contains a label
which functions on binding or ligation of the boronated
oligopeptide to the cargo molecule to label the cargo mol-
ecule.

In general, the reactive groups of the cargo molecule and
the phenyl boronate are selected to achieve the desired
linkage and for any desired selectable cleavage, or more
specifically to achieve a desired covalent linkage which is
optionally selectively cleavable and which is suitable for the
desired application of the boronated cargo molecule.

In another embodiment, the boronating method involves
attaching a boronated amino acid or a boronated oligopep-
tide, which are substituted with one or more phenylboronate
groups, to the cargo molecule. The boronated amino acid or
oligopeptide can be generated by forming covalent bond(s)
between one or more reactive groups on an amino acid or
oligopeptide and a reactive group on one or more phenyl-
boronic acid compounds. The reaction of these reactive
groups results in the formation of a linking moiety between
the phenylboronate group and the amino acid or oligopep-
tide. As noted above, the linking moiety comprises newly
formed bonds, particularly covalent bonds, and any residual
moieties from the reactive groups.

Additionally, the reactive groups on the amino acid,
oligopeptide or the phenylboronate compound are them-
selves optionally attached to the amino acid, oligopeptide or
phenylboronate compound via a spacer moiety. In this case
the linking moiety that results from reaction of the reactive
groups contains any such spacer moieties in the starting
amino acid, oligopeptide or phenylboronate compounds,
bonds that are formed by reaction of reactive groups and any
residue of the reactive groups. The reactive groups of the
oligopeptide may be those that occur naturally in amino
acids therein, may be those that occur in non-naturally
occurring amino acids introduced into the oligopeptide by
any art-known method or they may result from chemical
modification of such naturally occurring reactive groups as
is known in the art as noted above.

Boronated amino acids and boronated oligopeptides may
also be commercially available or be made by art-recognized
methods. The boronated amino acid or the boronated oligo-
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peptide can be attached to the cargo molecule to be boro-
nated by any art-recognized method.

For example, a boronated amino acid or oligopeptide can
be modified, for example, to contain a ligand which selec-
tively binds to the cargo peptide or protein, such as biotin or
a derivative thereof such as biocytin.

In another alternative method, the boronated oligopeptide
can be coupled to the cargo molecule employing a cross-
linking reagent which may contain 2 or more reactive groups
for crosslinking. Homobifunctional and heterobifunctional
crosslinking reagents are particularly useful. For example,
the boronated oligopeptide can be coupled to the cargo
molecule employing a homobifunctional crosslinking
reagent or a heterobifunctional crosslinking reagent.

More generally, heterofunctional crosslinking reagents
may include a plurality of reactive groups which are the
same and one or more different reactive groups. Use of such
heterofunctional crosslinking reagents will allow, for
example, linking of two or more phenylboronic acid groups
to a single cargo molecule.

In another embodiment, boronation of a boronated oligo-
peptide for attachment to a cargo molecule or boronation of
a cargo peptide or protein can be accomplished by intro-
duction of one or more boronated amino acids into the
peptide or protein. Boronated amino acids can be introduced
onto the peptide or protein directly by solid phase peptide
synthesis wherein one or more of the amino acid derivatives
employed for peptide synthesis are boronated to contain a
phenylboronate group or benzoboroxole group. Alterna-
tively, a boronated oligopeptide can be generated by solid
phase peptide synthesis employing one or more boronated
amino acids as starting materials for peptide synthesis. The
boronated oligopeptide can be boronated cargo (where the
cargo is the oligopeptide) or the boronated oligopeptide can
thereafter be bound to, ligated to or crosslinked to the cargo
which is to be boronated.

Boronated oligopeptides useful as boronated cargo or
useful for boronating cargo can include those having 2-30
amino acids and more specifically those having 5 to 20
amino acids. Boronated oligopeptides include those where
60% or less, 50% or less, 40% or less, or 25% or less of the
amino acids of the oligopeptide carry a phenylboronate
group. Boronated oligopeptides include those carrying 1, 2,
3,4, 5 6,7, 8 9, or 10 phenylboronic acid groups.
Boronated oligopeptides include those comprising one or
more glutamic acids and/or aspartic acids which are boro-
nated with phenylboronate groups.

Amino acids boronated with phenylboronate or benzo-
boroxole are available from art-known methods or are
prepared as described above for the boronation of peptides
and protein by reaction of a reactive group of the amino acid
with a reactive group of a phenylboronate or benzoboroxole
compound. The phenylboronate or benzoboroxole groups is
bonded to the amino acid via a linking moiety as described
above which contains any bond resulting from reaction of
the reactive groups, any residue of the reactive group, any
spacer moieties in the starting amino acid or phenylboronate
or benzoboroxole compound and any optional label.

Boronated peptides, proteins and oligopeptides of this
invention are also optionally labeled for direct or indirect
detection by any art-known method. In specific embodi-
ments, suitable labels include isotopic labels, dyes, fluores-
cent or chemiluminescent groups or moieties, radiolabels,
haptens and the like. In a specific embodiment, a label may
be included in the linking moiety between at least one
phenylboronate group and the peptide or protein. In specific
embodiments, wherein cleavable linkers are employed, a
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label may be included in the linking moiety such that the
label remains linked to the peptide or protein on cleavage of
the linker. In alternative embodiments, wherein cleavable
linkers are employed, a label may be included in the linking
moiety such that the label is removed from the peptide or
protein on cleavage of the linker.

Reactive groups of the cargo peptides or proteins or of
oligopeptides or amino acids used for boronation may be
those that occur naturally in amino acids (e.g., proteinogenic
amino acids) therein, may be those that occur in non-
naturally occurring amino acids introduced into the peptide
or protein by any art known method or they may result from
chemical modification of such naturally-occurring or non-
naturally-occurring reactive groups as is known in the art.
The reactive groups of peptides or proteins may, among
others, be C-terminal carboxylate groups, N-terminal amino
groups, and/or amino groups, sulthydryl groups, hydroxyl
groups or carboxylate groups of a side group of any natu-
rally-occurring amino acid of the peptide or protein. In
specific embodiments, the reactive groups which are used
for boronation are amino groups and the boronation is
facilitated by formation of an amide bond. The reactive
groups of the peptide or protein may also, among others, be
activated ester groups, thioester groups, phosphinothiol ester
groups, azide groups, aldehyde and/or ketone groups gen-
erated in or introduced into the peptide or protein by any
art-known method.

When the cargo molecule is a peptide or protein, boro-
nation can be achieved, for example, by ligating a boronate
oligopeptide to the peptide or protein by any known method
of peptide ligation, particularly by the formation of an amide
bond between the N- or C-termini of the oligopeptide and
the peptide or protein. Alternatively, the boronated oligo-
peptide can be modified, for example, to contain a ligand
which selectively binds to the cargo peptide or protein, such
as biotin or a derivative thereof such as biocytin.

When the cargo is a nucleic acid or analog thereof, the
reactive group used to facilitate boronation may be any of
those that occur naturally in nucleic acids, and particularly
any of those that occur in nucleoside bases as well as those
that occur in non-naturally occurring nucleosides or those
that can be introduced into the nucleotide or nucleoside by
any art known method or they may result from chemical
modification of such naturally-occurring or non-naturally-
occurring reactive groups as is known in the art. In specific
embodiments, the reactive groups which are used for boro-
nation are amino groups and the boronation is facilitated by
formation of an amide bond. The preferred reactive group
for boronation of nucleic acids is an exo-amino group of the
nucleic acid, e.g., an amino group of a nucleoside base, e.g.,
the amino groups of cytosine, guanine, or adenine bases or
analogs thereof (e.g., isocytosine, isoguanine, diaminopu-
rine or diaminopyridine, among others) which contain
amino groups.

In specific embodiments, the invention provides borona-
tion reagents, particularly those which are phenyl boronates
or benzoboroxoles. Such reagents can comprise reactive
groups and/or latent reactive groups to facilitate bonding to
cargo molecules or to facilitate selective cleavage of any
linkers formed with cargo molecules. Such reagents can also
comprise spacer moieties (within linkers formed) or reporter
or label moieties (optionally within linkers formed or oth-
erwise formed in the reagent.)

In specific embodiments, phenylboronic acid and benzo-
boroxole compounds employed for boronation in this inven-
tion have only one boronic acid group —B(OH),,
—B(OH)— moiety or B atom in the compound. In specific
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embodiments, the phenyl ring of phenylboronic acids or
benzoboroxole is substituted with one or more electron
withdrawing groups. More specifically the phenyl ring of
phenylboronic acids, benzoboroxoles, or of the phenylbo-
ronic or benzoboroxole groups is substituted at the 2- and/or
4-ring positions (i.e., ortho or para positions) with respect to
the bond to the boron with one to four electron withdrawing
groups. In specific embodiments, the phenylboronate is
substituted at the 2-ring position with a —(CR,R,),—OH
group, where X is 1 or 2 and R, and Ry are as defined below,
which respectively form a 5S-member boroxole or a 6-mem-
ber oxaborin ring, where in specific embodiments each R,
and Ry is a hydrogen.

In specific embodiments, the cargo molecule is boronated
to contain 4 or more, 5 or more, 10 or more or 20 or more
phenylboronate or benzoboroxole groups. In more specific
embodiments, the peptide or protein is boronated to contain
2-10 phenylboronate or benzoboroxole groups. In specific
embodiments, a cargo molecule can optionally be boronated
with two or more different phenylboronate or benzoboroxole
groups. In a specific embodiment, a peptide or protein is
boronated with one or more phenylboronate or benzoborox-
ole groups that are all the same.

In an additional embodiment, the invention provides a
method for preparation of boronated cargo, boronated pep-
tides, and particularly boronated oligopeptides, by solid
phase peptide synthesis employing phenylboronated pro-
tected amino acids. Boronated cargo molecules, which are
not peptides or proteins, are prepared by ligation of a
boronated peptide, particularly a boronated oligopeptide, to
the cargo molecule. In a specific embodiment, boronated
oligopeptides are prepared by Fmoc solid phase peptide
synthesis employing Fmoc-protected boronated amino
acids. In a more specific embodiment, Fmoc-protected boro-
nated glutamic acid or Fmoc-protected boronated phenyl
alanine are employed to prepare peptides, including oligo-
peptides which contain one or more boronated glutamic acid
residues, one or more boronated aspartic acid residues, one
or more boronated phenyl alanine residues or a combination
of such amino acid residues.

The invention also specifically provides various Fmoc-
protected phenylboronated amino acids for use in solid
phase peptide synthesis. The invention also provides a
method for boronating a peptide or protein which comprises
the step of binding or ligating or crosslinking a boronated
oligopeptide reagent with the peptide or protein.

The invention further provides a method for enhancing
cellular uptake of a cargo molecule by boronating the
peptide or protein with one or more phenylboronate groups
and thereafter contacting the boronated peptide or protein
with a selected cell. In a specific embodiment, cargo mol-
ecule is boronated with two or more phenylboronate or
benzoboroxole groups. In a specific embodiment, the phe-
nylboronate is a compound of formula IA or IB (see below).
In specific embodiments, the phenylboronate is a benzo-
boroxole (also called a benzoxaborole) compound of for-
mula IB, wherein x is 1. In specific embodiments, the cargo
molecule is boronated by binding, ligation or crosslinking of
a boronated oligopeptide to a peptide or protein. In specific
embodiments, the cargo molecule is a peptide, protein or a
nucleic acid.

More specifically, the invention provides a method for
improved delivery of a cargo molecule to a eukaryotic cell,
particularly a mammalian cell, which comprises the step of
contacting the cell or tissue containing the cell with a
boronated cargo molecule. In a specific embodiment, the
invention provides a method for improved delivery of a
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cargo molecule to an an intracellular site. In a specific
embodiment, the step of contacting the cell or tissue is
conducted in vitro. In a specific embodiment, the step of
contacting the cell or tissue is conducted in vivo. In a
specific embodiment, the boronated cargo molecule com-
prises a boronated oligopeptide moiety of this invention. In
specific embodiments, the cargo molecule carries two or
more phenylboronate groups. In specific embodiments, the
cargo molecule is a peptide or protein which is boronated by
reaction at one or more carboxylate groups in the peptide or
protein. In specific embodiments, the cargo molecule is a
peptide or protein which is boronated by reaction at one or
more amino groups in the peptide or protein. In a specific
embodiment, the cargo protein is an enzyme. In a specific
embodiment, the cargo protein itself is not glycosylated (i.e.,
is not a glycoprotein). In a specific embodiment, the boro-
nated cargo protein retains at least 10% of a selected
biological activity of the protein prior to boronation. In a
specific embodiment, the boronated cargo enzyme retains at
least 10% of the activity of the enzyme prior to boronation.
In another specific embodiment, the cargo peptide or protein
is an antibody or functional fragment thereof and more
specifically is a monoclonal antibody or functional fragment
thereof.

In specific embodiments, the cargo molecule is a nucleic
acid which is boronated by reaction at one or more amino
groups in the nucleic acid. In a specific embodiment, the
cargo protein is an enzyme. In a specific embodiment, the
cargo protein itself is not glycosylated (i.e., is not a glyco-
protein). In a specific embodiment, the boronated cargo
nucleic acid retains at least 10% of a selected biological
activity of the nucleic acid prior to boronation. In a specific
embodiment, the biological activity retained is binding of
the nucleic acid to complementary nucleic acid.

The invention further provides kits for enhanced cellular
uptake of a peptide or protein which comprise one or more
of'the phenylboronate compounds of this invention or one or
more of the boronated oligopeptide reagents of the invention
which are individually packaged therein in selected amounts
for use in boronating one or more peptides or proteins for
enhanced uptake. The invention also provides kits for boro-
nation of a peptide or protein which comprise one or more
of'the phenylboronate compounds of this invention or one or
more of the boronated oligopeptide reagents of the invention
which are individually packaged therein in selected
amounts. Reagent kits may further comprise one or more
solvents or reagents for carrying out binding, ligation,
crosslinking or reaction of a phenylboronate or boronated
oligopeptide with a selected peptide or protein. Kits for
enhanced cellular uptake may further comprise one or more
selected peptides or proteins to be delivered to cells, optional
reagents for labeling the peptide or protein, or reagents,
media or solvents for contacting cells with the boronated
peptide or protein.

Additional embodiments of the invention will be apparent
on review of the drawings, the following detailed descrip-
tion and the examples.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B illustrate, respectively, a scheme show-
ing exemplary boronation of RNase A with benzoboroxole
groups (A) and its putative mechanism for expediting cel-
Iular delivery (B). The location of each carboxyl group of
RNase A is depicted in the ribbon diagram (PDB entry 7rsa;

[14])
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FIG. 2 is an elution profile of a mixture of unmodified
RNase A (eluting in region “A”) and boronated RNase A
(eluting in region “B”) from a column of immobilized
heparin in the absence (solid line) or presence (dashed line)
of fructose (0.10 M).

FIG. 3 shows the results of fluorescence polarization
assay of ribonucleases binding ganglioside-labeled lipo-
somes in the presence or absence of 10 mM fructose. Data
was normalized to polarization of each ribonuclease incu-
bated with non-extruded DOPC lipids. Data points represent
the mean (£SD) of triplicate experiments. Asterisks indicate
values with p<0.05.

FIG. 4A is a graph of the results of flow cytometry
experiments measuring internalization of unmodified and
benzoboroxole-boronated RNase A into Pro-5 and Lec-2
cells in the absence or presence of fructose (0.25 M). Flow
cytometry data were normalized to the internalization of
unmodified RNase A into Pro-5 cells. Error bars represent
the SD.

FIG. 4B is a confocal microscopy image of live Pro-5
cells incubated for 4 h with benzoboroxole-boronated RNase
A (5 uM) that had been labeled covalently with a green
fluorophore. Nuclei were stained blue with Hoechst 33322
(2 pg/mlL). Scale bar: 10 pum.

FIG. 4C is a graph of the results of flow cytometry
experiments measuring internalization of unmodified and
phenylboronate-boronated RNase A into Pro-5 and Lec-2
cells in the absence or presence of fructose (0.25 M). Flow
cytometry data were normalized to the internalization of
unmodified RNase A into Pro-5 cells. Error bars represent
the SD.

FIG. 5 is a graph showing inhibition of K-562 cell
proliferation by unmodified and boronated RNase A. (e,
closed circles) Unmodified RNase A (IC50>50 uM); (@,
closed diamonds) boronated RNase A (IC50 4.0+0.3 uM);
(<, open diamonds) boronated RNase A in the presence of
fructose (50 mM) (IC50 9+1 uM); ([, open squares) boro-
nated RNase A alkylated with 2-bromoacetate (IC50>50
uM). The proliferation of K-562 cells was measured by the
incorporation of [methyl-3H]thymidine. Data points repre-
sent the mean (+SEM) of three separate experiments per-
formed in triplicate.

FIG. 6 is a graph of the results of flow cytometry
experiments measuring internalization of unmodified
lysozyme compared to lysozyme boronated with benzo-
boroxole into Hela cells in the presence and absence of
fructose. Error bars represent the SD.

FIG. 7 is a graph of the results of flow cytometry
experiments measuring internalization into Hela cells of
unmodified avidin compared to avidin complexed to PBA-
boronated biotin peptide in the presence and absence of
fructose. Error bars represent the SD.

FIGS. 8-12 illustrate exemplary reactive groups and
exemplary reactions that can be employed to boronate
peptides or proteins with phenylboronic acids. 2-substituted
phenylboronic acid is used in these figures to illustrate
exemplary reactions. The exemplified reactive groups can be
substituted on other ring positions of the phenylboronic acid
and other ring positions may be further substituted as
described herein. Additionally, analogously substituted phe-
nylboroxoles can be used to boronate peptides and proteins.
Examples are given in which the reactive group is directly
bonded to the ring of the phenylboronic acid and in which
the reactive group is indirectly attached to the phenylboronic
acid via a spacer moiety. It will be appreciated by one of
ordinary skill in the art that a variety of art-known linking
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moieties can be employed which are suitable for boronation
of peptides and proteins using the illustrated reactions.

FIGS. 13A-D illustrate the determination of the 'H NMR
peaks corresponding to the aryl protons in bound and free
boronic acid. (13A) 'H NMR spectrum of solution 1. (13B)
'H NMR spectrum of solution A. (13C) Overlay of aromatic
region of spectra from panels A and B. (13D) Example of a
spectrum that was interpreted using the overlay from panel
C, and used to determine the value of K, for fructose with
PBA. The [B-S]/[B] ratio was calculated from the isolated
peaks for the complex (3H, 7.01-7.11 ppm) and the isolated
peaks for the free boronic acid (2H, 7.54-7.58 ppm).

FIG. 14 is a representative 'H NMR spectrum that was
used to determine the K, value for benzoboroxole and
fructose (10.3 mM). Peaks corresponding to the aryl protons
in bound and free boronic acid were determined as described
in Example 2 and FIG. 13. The [B-S]/[B] ratio was calcu-
lated from the isolated peaks for the complex (‘H, 7.31-7.38
ppm, a mixture of isomeric species) and the isolated peaks
for the free boronic acid (1H, 7.43-7.53 ppm, a mixture of
isomeric species). Additional saccharide decreased the inte-
gration of the small peak at 7.44 ppm equally with that at
7.49 ppm, which arise from free boronic acid; and the
shoulder peak at 7.31 ppm increased equally with that at
7.35 ppm, which arises from the complex.

FIG. 15 is a representative 'H NMR spectrum that was
used to determine the Ka value for PBA and glucose (44.9
mM). Peaks corresponding to the aryl protons in bound and
free boronic acid were determined a described above. The
[B-S}/[B] ratio was calculated from the isolated peaks for the
complex (3H, 7.09-7.21 ppm) and the peaks for the free
boronic acid (2H, 7.64-7.68 ppm).

FIG. 16 is a representative 'H NMR spectrum that was
used to determine the K, value for benzoboroxazole and
glucose (32.9 mM). Peaks corresponding to the aryl protons
in bound and free boronic acid were determined a described
above. The [B-S]/[B] ratio was calculated from the isolated
peaks for the complex (*H, 7.29-7.34 ppm) and the isolated
peaks for the free boronic acid (*H, 7.45-7.51 ppm). Note the
broadening of the aryl protons, which had been reported for
NMR spectra of boronic acids in the presence of pyranose
sugars. [13b]

FIG. 17 is a representative 'H spectrum that was used to
determine the K, value for PBA with NeuSAc (35.4 mM).
Peaks corresponding to the aryl protons in bound and free
boronic acid were determined a described above. The [B-S]/
[B] ratio was calculated from the isolated peaks for the
complex (3H, 7.15-7.26 ppm) and the isolated peaks for the
free boronic acid (2H, 7.6-7.69 ppm). Note that the aryl
peaks have been broadened by the addition of the saccha-
ride.

FIG. 18 illustrates the "H NMR spectrum of NeuSAc. This
spectrum indicates a small peak that overlapped with the
aromatic regions of the boronic acids. This peak was sub-
tracted out of all NMR spectra used to evaluate the inter-
action of benzoboroxazole and NeuSAc.

FIG. 19 is a representative 'H spectrum that was used to
determine the K, value for benzoboroxazole with NeuSAc
(14.4 mM). Peaks corresponding to the aryl protons in
bound and free boronic acid were determined as described in
Example 2. The [B-S]/[B] ratio was determined from the
isolated peaks for the free boronic acid (1H, 7.44-7.51 ppm)
and the remainder of the aromatic region (7.15-7.36 ppm),
which represented 3H from the free boronic acid and all 4
aromatic protons from the complex. Unlike fructose and
glucose, the single isolated proton of the complexed species
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(7.33 ppm) was too broad to integrate accurately, and the
entire region was used instead.

FIGS. 20A and 20B illustrate MALDI-TOF spectra of
(20A) unmodified RNase A and (20B) boronated RNase.
Data were fitted to a Gaussian curve (red line). The observed
molecular mass of unmodified RNase A (13,659 Da) was
subtracted from the observed molecular mass of boronated
RNase A (14,641 Da) to give 982 Da. This value was divided
by the molecular mass of 5-amino-2-hydroxymethylphenyl-
boronic acid after correcting for the water lost during
conjugation (148.95 Da-18.02 Da=130.93 Da) to give
7.5£2.0 boronic acids conjugated to RNase A, where
SD=2.0 arises from the SD of the Gaussian fit, 265.2 Da,
divided by 130.93 Da.

FIG. 21 illustrates fluorescence polarization data for the
binding of phenylboronate-conjugated RNase A to GD3
ganglioside in liposomes. BODIPY FL-labeled phenylboro-
nate-conjugated RNase A was incubated with liposomes
containing GD3 ganglioside in 25 mM HEPES buffer, pH
7.0, containing NaCl (75 mM). Data points represent the
mean (+SE) of duplicate experiments. Data were fitted to a
binding isotherm as described in ref. [46] to give Kd=
(54+11) uM.

FIG. 22 illustrates a scheme for cellular uptake mediated
by boronyl pendants. Boronate 10 is an exemplary borona-
tion reagent (an exemplary benzoboroxole) of the invention
used to acylate the amino groups of a cargo molecule, such
as a target protein or nucleic acid. Multivalent complexation
with cell-surface glycans facilitates entry into endosomes,
where esterases will release intact protein. The fluorescence
of the coumarin product can be employed to determine
uptake.

FIG. 23 illustrates synthesis of exemplary boronation
reagents of the invention. Synthesis of the phenylboronate
20 is illustrated. The exemplary benzoboroxole is prepared
by an analogous synthesis wherein the —CH,—O—B
(OH)— moiety of the benzoboroxole is installed by methods
that are well known in the art.

FIG. 24 is a scheme illustrating the synthesis of an
exemplary boronation reagent which is bioreversable.

FIG. 25 is a scheme illustrating the synthesis of an
exemplary boronation reagent which is bioreversible.

FIG. 26 is a scheme illustrating the synthesis of an
exemplary boroantation reagent which is bioreversible.

FIG. 27 illustrates cellular uptake of boronated GFP
(Green Fluorescent Protein) as in Example 14. GFP labelled
with only about 2 molecules of phenylboronate was taken up
readily by CHO-K1 cells (right) compared to unboronated
GFP (left).

FIG. 28 is a graph showing inhibition of K-562 cell
proliferation by a TMLB-labeled ribonuclease and the
unmodified ribonuclease. G88R RNase A, 1C,,=(6.4+0.1)
uM; TMLB-labeled G88R RNase A, IC;,=(3.5£0.8 uM).
Each data point represents the mean+SE for three separate
experiments, each performed in duplicate.

FIG. 29 illustrates bioreversible protein uptake employing
the boronation reagent 100.

DETAILED DESCRIPTION OF THE
INVENTION

The invention is based at least in part on the demonstra-
tion that pendant phenylboronic acids mediate the delivery
of molecules (cargo) into mammalian cells. More specifi-
cally, bonding of one or more phenylboronic acids to such
molecules, particularly nucleic acids, and peptides or pro-
teins generally enhances uptake of the boronated cargo
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molecule into mammalian cells. Additionally, in specific
embodiments, the boronated cargo molecule retains biologi-
cal activity of the corresponding non-boronated cargo mol-
ecule. FIG. 22 illustrates use of a boronation reagent of the
invention (compound 10) to boronate a protein and further
illustrates the scheme for cellular uptake of cargo (exempli-
fied by protein). Multivalent complexation with cell-surface
glycans is believed to facilitate entry into endosomes, where
cargo is released, for example by enzyme action. In the
illustrated scheme, esterases release intact cargo protein. In
the illustrated example, fluorescence of the coumarin by-
product of release can be employed to assess uptake of cargo
molecule.

More specifically herein, boronation of peptides and
proteins, e.g., RNase A, lysozyme and avidin, is shown to
generally enhance uptake of the boronated peptide or protein
into mammalian cells.

The term “enhancement of cellular uptake” refers to
enhancement of uptake of a boronated cargo molecule
compared to uptake of the analogous non-boronated cargo
molecule. Enhancement of cellular uptake can be measured
by any art-known method and useful methods are exempli-
fied in the examples. In specific embodiments, enhancement
of cellular uptake of 2-fold or higher relative to the non-
phenylboronated cargo molecule is obtained. Enhancement
of cellular uptake may be assessed in terms of % internal-
ization compared to non-boronated cargo molecule. In spe-
cific embodiments, enhancement of % internalization of
50% or more compared to controls is obtained.

Enhanced delivery of boronated cargo, particularly boro-
nated proteins, e.g., boronated RNase A is described here-
after in more detail.

In specific embodiments, the invention provides methods
and reagents for boronating cargo molecules, and particu-
larly boronating of amino acids, peptides, proteins, nucleic
acids and analogs thereof and nucleosides and analogs
thereof with phenylboronate or benzoboroxole groups to
enhance uptake of such cargo molecules into cells.

In specific embodiments, the invention provides methods
and reagents for boronating nucleotides, nucleic acids and
analogs thereof.

In specific embodiments, the invention provides methods
and reagents for boronating peptides and proteins.

In specific embodiments, the invention provides methods
and reagents for boronating cargo molecules which contain
one or more amino groups wherein boronation is facilitated
by formation of one or more amide bonds.

Herein, phenylboronate groups (PB) are chemical groups

in which a
OH OH
/ /
AN N
OH OR

is directly attached to an optionally substituted phenyl ring,
where R is an optionally substituted aliphatic group which
optionally links to the phenyl ring to form a 5- or 6-member
boroxole ring. In specific embodiments, the boronate
group is:
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where R, Rg and x are defined above.

Additional phenylboronates are phenyl groups carrying a
—B(ORy), where each —Rj is an optionally substituted
aliphatic group or optionally substituted heteroaliphatic
group, particularly an optionally substituted alkyl group,
wherein the two R are optionally linked together to form an
optionally substituted 5- to 8-member heteroaliphatic ring.
In a specific embodiment, the —B(ORy), group is:

Rz Re

where each R, is independently hydrogen or alkyl, particu-
larly a C1-C3 alkyl group, k is 0 or 1 and K is selected from
an optionally substituted divalent aliphatic or an optionally
substituted divalent heteroaliphatic moiety having 1 to 3
atoms in the divalent aliphatic or heteroaliphatic moiety.
When k is 0 there is a single bond between the carbons in the

ring. In specific embodiments, K is selected from
—(CH,), 5— —(CH,), ,—O0—, —CH,—O—CH,—,
—O—CH,), 5— —(CH,), 5~ NRg—, —CH,—NRz—
CH275 7NRR7(CH2)1—275 7(CH2)1—27875 4CH27

S—CH,—, or —S—(CH,),_,, where each carbon of the K
moiety is independently optionally substituted, particularly
with one or two —R, groups. In preferred embodiments, k
is 0 and the boronate group has a S-member ring:

Rz Rz

jog

Rz Rz ,

where Ry, is as defined above, but in specific embodiments
all R, are methyl groups or all R, are hydrogen. In other
embodiments, k is 1 and K is: —[C(Rg),]; 5—> —(CH,)—,
—(CH,),— or —(CH,);—, —(CH,),—NRz—(CH,),—,
or —(CH,),—N(CH;)—(CH,),—.

In specific embodiments, the phenyl ring of the phenyl-
boronate is also substituted with one, two, three or four
non-hydrogen substituents. In specific embodiments, the
phenyl ring of the phenylboronate is also substituted with
one, two, three or four non-hydrogen substituents which are
electron withdrawing groups. Substitution of the phenyl ring
with one or more electron withdrawing groups is believed to
enhance binding of the boronate group to diols, particularly
diols of saccharides. In specific embodiments, phenylboro-
nates of this invention are not bound to a solid, such as a
resin or other polymeric material and are not bound to a
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surface. Phenylboronates useful in the present invention
include those of formulas IA and IB and salts thereof as
described below.

In specific embodiments, the phenylboronic acids
employed for boronation are selected from those having
formula IA or IB:

1A
HO\ /OH
B
Rs R,
or
Ry Ry
R;
1B
(0]
HO ~ /
B R,
Rs
RS X
Ry Ry
R3

(noting that IB is a benzoboroxole structure) and salts
thereof,

where:
xis 1 or 2;

R,-R5 are independently selected from hydrogen, a
straight-chain or branched aliphatic group having 1-8 carbon
atoms, an alicyclic group, an aryl group, a heterocyclic
group, a heteroaryl group, a —CO,R,, group, a —O—
CO—R,, group, a—CON(R | ,), group, a—O—CON(R,),
group; a —N(R,,), group, a —OR, group, a —(CH,),—
OH group, a —(CH,),,—N(R;,), group, a halogen, a nitro
group, a cyano group, a —SO,—OR,, group, -M, or two
adjacent R,-Rg, together with the ring carbons to which they
are attached, optionally form a 5-8-member alicyclic, het-
erocyclic, aryl or heteroaryl ring moiety, each of which
groups or moieties is optionally substituted;

each R, and Ry is independently selected from hydrogen
or a C1-C3 optionally substituted alkyl group;

wherein:
each R,, is independently selected from hydrogen, a
straight-chain or branched aliphatic group having 1-8 carbon
atoms, an alicyclic group, an aryl group, a heterocyclic
group, or a heteroaryl group, each of which groups is
optionally substituted;

each R,, is independently selected from hydrogen, a
straight-chain or branched aliphatic group having 1-8 carbon
atoms, an alicyclic group, an aryl group, a heterocyclic
group, a heteroaryl group, or where two R, together with
the nitrogen to which they are attached can form a 5-8
member heterocyclic or heteroaryl ring moiety, each of
which groups or moieties is optionally substituted;

m is an integer from 1-8;

M is a reactive group or a spacer moiety substituted with
a reactive group for forming a bond to a cargo molecule and
wherein at least one of R|-Ry is M; and

wherein optional substitution is substitution by one or
more substituents selected from halogen; an oxo group
(=0), a nitro group; a cyano group; a C1-C6 alkyl group;
a C1-C6 alkoxy group; a C2-C6 alkenyl group; a C2-C6
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alkynyl group; a 3-7 member alicyclic ring, wherein one or
two ring carbons are optionally replaced with —CO— and
which may contain one or two double bonds; an aryl group
having 6-14 carbon ring atoms; a phenyl group; a benzyl
group; a 5- or 6-member ring heterocyclic group having 1-3
heteroatoms and wherein one or two ring carbons are
optionally replaced with —CO— and which may contain
one or two double bonds; or a heteroaryl group having 1-3
heteroatoms (N, O or S); a —CO,R, ; group; —OCO—R,
group; —CON(R,,), group; —OCON(R,), group;
—N(R,4), group; a —S0,—OR,; group, —OR,; group,
—(CH,),—OR, ; group, —(CH,),,—N(R,,),, where m is
1-8 and each R,; or R, is independently hydrogen; an
unsubstituted C1-C6 alkyl group; an unsubstituted aryl
group having 6-14 carbon atoms; an unsubstituted phenyl
group; an unsubstituted benzyl group; an unsubstituted 5- or
6-member ring heterocyclic group, having 1-3 heteroatoms
and wherein one or two ring carbons are optionally replaced
with —CO— and which may contain one or two double
bonds; or a heteroaryl group having 1-3 heteroatoms (N, O
or S) and in addition two R, together with the nitrogen to
which they are attached can form a heterocyclic or het-
eroaryl ring moiety, each of which groups or moieties is
optionally substituted;

each of which R,; and R, groups is in turn optionally
substituted with one or more unsubstituted C1-C3 alkyl
groups, halogens, oxo groups (—O), nitro groups, cyano
groups, —CO,R 5 groups, —OCO—R 5 groups, —CON
(Ry6)> groups, —OCO—N(R4), groups, —N(R, ), groups,
a —S0,—OR ;5 group, —OR, s groups, —(CH,),—OR
groups, —(CH,),—N(R, s), where m is 1-8 and each of R 5
and R,s independently are hydrogen, an unsubstituted
C1-C6 alkyl group; an unsubstituted aryl group having 6-14
carbon ring atoms; an unsubstituted phenyl group; an unsub-
stituted benzyl group, an unsubstituted 5- or 6-member ring
heterocyclic group having 1-3 heteroatoms and wherein a
ring carbon is optionally replaced with —CO— and which
may contain one or two double bonds; or a heteroaryl group
having 1-3 heteroatoms (N, O or S) and a total of 5-14 ring
atoms; and in addition two R 4 together with the nitrogen to
which they are attached can form an unsubstituted hetero-
cyclic or heteroaryl ring moiety.

In specific embodiments M is a reactive group and more
specifically an amine-reactive group. In specific embodi-
ments, M is an amine-reactive group or a spacer moiety
substituted with an amine-reactive group for forming one or
more amide bonds to a cargo molecule comprising one or
more amino group. In specific embodiments, M is M1 which
is a latent reactive group or a spacer moiety substituted with
a latent reactive group, which latent reactive group does not
react with any reactive group in the compound of formula IA
or IB, or in any other M group in the in compound, and
which is selectively reactive, or can be selectively activated
for reaction, after the compound is bonded to the cargo
molecule. A latent reactive group can, for example, be
activated for reaction inside of a cell for example by enzyme
action inside of a cell. A latent reactive group can for
example be activated by action of an esterase, for example
after the cargo is delivered to a cell. In specific embodi-
ments, M is M2 and is a spacer moiety substituted with a
reactive group. More specifically, M2 is a spacer moiety
comprising a latent reactive group and substituted with a
reactive group for forming a bond to the cargo molecule
wherein the latent reactive group does not react with the
reactive group or the cargo molecule and can be selectively
reacted or activated for reaction after the cargo molecule is
boronated. In specific embodiments, the reactive group of
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M2 is an amine-reactive group. In specific embodiments, the
compound of formula IA or IB comprises two -M groups,
which more specifically are M1 which is or which comprises
a latent reactive group and M2 which is a spacer moiety
which comprises a reactive group for bonding to cargo and
a latent reactive group. In specific embodiments, the latent
reactive groups of M1 and M2 cooperate to effect cleavage
of the linker and to cleave the phenyl boronate groups from
the cargo molecule. In specific embodiments of formulas 1A
and IB, R; or R, is -M.

In specific embodiments of formula IB, x is 1 and the
boronating species is a benzoboroxole. In specific embodi-
ments, each R, and Ry is independently hydrogen or a
methyl group. In specific embodiments, the compound of
formula IA or IB contains a single -M group. In specific
embodiments, the compound of formula 1A or IB contains a
single -M group and one of R,-R, is -M. In specific embodi-
ments, R; or R, is -M.

In specific embodiments, the compound of formula IA or
IB contains two -M groups, one of which is M1 and the other
of which is M2, where M1 is a latent reactive group and M2
is a spacer substituted with a reactive group and which
contains a latent reactive group. More specifically, the latent
reactive groups of M1 and M2 function together to cleave
the boronate from the cargo molecule on selective activation
of one or both latent reactive groups.

In specific embodiments of formula IA and 1B, M1 and
M2 are substituted on adjacent ring carbons in the phenyl
ring. More specifically, R, ,, M1 and R, is M2; R, is M2 and
R, is M1; R, is M1 and R, is M2; R, is M1 and R, is M2;
R,is M1 and R is M2; R, is M2 and R is M1; R, is M1 and
R, is M2; R, is M2 and R, is M1; R, is M1 and Ry is M2;
or R, is M2 and R is M. More specifically in compounds of
formula IA, R, is M1 and R is M2; R, is M2 and R is M1;
R, is M1 and R, is M2; or R; is M1 and R, is M2 and more
specifically in compounds of formula IB R, is M1 and R; is
M2; or R; is M1 and R, is M2.

In specific embodiments of formula 1A or IB, R, R5 and
R, are independently selected from hydrogen, an optionally
substituted straight-chain or branched aliphatic group hav-
ing 1-8 carbon atoms, a—CO,R, , group, a —O—CO—R |,
group, a —CON(R,), group, a —O—CO—N(R,), group,
a —N(R,,), group, a —OR,, group, a —(CH,),—OR,
group, a —(CH,),—N(R,,), group, a halogen, a nitro
group, or a cyano group, where variables are as defined
above. In more specific embodiments, R, and Rs or Ry are
independently selected from hydrogen; C1-C3 alkyl group;
—CO,H; —CONH,; —NH,; —CON(R ), or —N(R}5),,
where R, is a C1-C6 alkyl group; a hydroxyl; a C1-C3
alkoxyl; a—(CH,),,—OH or —(CH,),,—NH, group where
m is 1-3; halogen, nitro group or cyano group.

In specific embodiments of formula IA or IB, R,, R; and
R, are independently selected from hydrogen, -M, an option-
ally substituted straight-chain or branched aliphatic group
having 1-8 carbon atoms, a—CO,R |, group, a —O—CO—
R, group, a —CON(R,,), group, a —O—CO—N(R,,),
group, a —N(R,), group, a —OR, group, a —(CH,),—
OR,,, group, a—(CH,),,—N(R, ,), group, a halogen, a nitro
group, or a cyano group, where variables are as defined
above, wherein at least one of R,-R, is -M. Additionally, two
adjacent R,-R, together with the ring carbons to which they
are attached, optionally form a 5- or 6-member alicyclic,
heterocyclic, aryl or heteroaryl ring moiety wherein the ring
members are optionally substituted.

In specific embodiments, variable groups of formulas [A
and IB are optionally substituted as defined above. In more
specific embodiments, optional substitution of compounds
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of formulas IA or IB is substitution of a group or moiety by
1-5 substituents selected from substituents as noted above.
In additional embodiments, optional substitution of com-
pounds of formulas 1A or IB is substitution of a group or
moiety by 1 or 2 substituents selected from substituents as
noted above. In specific embodiments, optional substituent
groups have 10 or less carbon atoms. In specific embodi-
ments, optional substituent groups have 12 or less atoms. In
specific embodiments, optional substituent groups have 6 or
less carbon atoms. In specific embodiments, groups as
defined for formulas IA and IB are unsubstituted. In specific
embodiments, optionally substitution is substitution by one
to 7 substituents selected from halogen (F, Cl, Br or I); nitro
group; cyano group; a C1-C3 alkyl group; a C1-C3 alkoxy
group; a C2-C3 alkenyl group; a C2-C3 alkynyl group; a 5-
or 6-member alicyclic ring group, wherein one or two ring
carbons are optionally replaced with —CO— and which
may contain one or two double bonds; phenyl group; benzyl
group; naphthyl group; biphenyl group; —COH; —CO,H;
—CONH,; —NH,; —OH; —SH or —SO;H, wherein alkyl,
alkenyl, alkynyl, alicyclic ring, phenyl; benzyl; naphthyl,
and biphenyl groups are optionally substituted with one or
more halogen, —OH group, —SH group, methyl group,
methoxy group, trihalomethyl group, cyano group, or nitro
group.

In specific embodiments herein, R, -R that are not -M do
not contain a reactive group as described herein that is in the
-M group. In specific embodiments herein, R,;-R that are
not -M may contain reactive groups as defined herein if
those reactive groups are protected with an appropriate
protective group which selectively prevents their reaction.
Such protective groups may be removed if desired after
boronation of the peptide or protein.

In specific embodiments, -M is a reactive group or a
spacer moiety carrying a reactive group wherein the reactive
group:

(1) reacts with one or more of: an amino group, a carboxylic
acid group, a sulthydryl group or a hydroxyl group, particu-
larly where that group is a group of a natural or unnatural
amino acid of such an amino acid of a peptide or a protein;
(2) reacts with an aldehyde or ketone group, an azide group,
an activated ester group, a thioester group, phosphinothio-
ester, or other group which is introduced into or generated in
the amino acid, peptide or protein; or

(3) reacts with one reactive group of a homobidfunctional or
a heterobifunctional crosslinking reagent to bond or attach
the phenylboronate group substituted with the M group to an
amino acid, peptide or protein.

In another embodiment, M is or contains a reactive group
that can be ligated to a peptide or protein by a peptide
ligation method. In specific embodiments, M is or contains
an amino group, a carboxyl group or ester thereof, an
activated ester group, an azide, a thioester, or a phosphinol-
thioester.

In general the optional spacer moiety of the M group is
compatible with the reactive group therein (e.g., does not
detrimentally affect reactivity of the reactive group) and the
spacer itself is not reactive with the compounds to be
conjugated. In specific embodiments, the spacer moiety
contains from 3-20 atoms (typically C, O, S and/or N atoms
which may be substituted with H or non-hydrogen substitu-
ents), including residues from the reactive group), and
optionally contains one or more carbon-carbon double
bonds, and/or a 5- to 8-member alicyclic, a 5- to 8-member
heterocyclic, a 6- or 10-member aryl or a 5- or 6-member
heteroaryl ring. Carbon atoms in the spacer or linker are
optionally substituted with one or more hydroxyl groups,
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oxo moieties (—O), or halogens (e.g., F). Nitrogen groups
in the spacer may be substituted hydrogen or with C1-C3
alkyl groups. The spacer may contain one or two —S—S—
and/or —SO,— moieties. The spacer may contain a diol
(>C(OH)—C(OH)<) moiety.

In a specific embodiment, the spacer in the linker com-
prises one or more ether linkages. More specifically, the
spacer is or comprises a —O—CH,—O— moiety. In a
specific embodiment, the linker between the phenyl boro-
nate and the cargo molecule is or comprises an acetoxym-
ethyl ether. More specifically, the linker is or comprises a
—O0—CH,—0—CO— moiety. In a specific embodiment of
formula IA or IB, any of R,-R; is —O—CH,—0—CO—
CH; or comprises a —O—CH,—O— or a —O—CH,—
O—CO— moiety. In a specific embodiment, M comprises a
—0O—CH,—0— or a —0O—CH,—0—CO—. See: Lavis
et al. (2011) [44]

The spacer may be selectively cleavable, for example, by
change of conditions (e.g., pH change), addition of a cleav-
age reagent, or photoirradiation (e.g., UV irradiation). Such
selectively cleavable spacers contain a latent reactive group
which is selectively reactive or can be selectively activated
for reaction. In specific embodiments, a cleavable spacer
includes a disulfide bond which is selectively cleavable, for
example on treatment with dithiothreitol, a diol moiety
which is selectively cleavable by treatment for example with
periodate, an ester moiety, which is selectively cleavable by
treatment with hydroxylamine, or a sulfone moiety
(—SO,—) which is selectively cleavable under alkaline
conditions.

In specific embodiments, -M is selected from:

—X or -LX, where X is the reactive group for ligation,
bonding or crosslinking to an amino acid, peptide or protein
and L is a spacer moiety. A variety of spacer moieties are
known in the art to be useful for bioconjugation of molecules
to amino acids, peptides and proteins. All such art-known
spacer moieties can be employed in this invention, if com-
patible with the chemistry of the phenylboronate and the
amino acid, peptide or protein and which do not detrimen-
tally affect reactivity of chosen reactive groups and which do
not themselves react with the phenylboronate, amino acid,
peptide, protein or reactive groups.

In specific embodiments, L is selected from the following
divalent moieties:

—Y1-L1-Y3-, where Y1 and Y3 are optional and may be the
same or different;

—Y1-L1-1.2-Y3-, where Y1 and Y3 are optional and may be
the same or different and L1 and L2 are different; or
—Y1-L1-[L2-Y2]y-L3-Y3-, where Y1 and Y3 are optional,
Y1, Y2 and Y3 may be the same or different, [.1 and L3 are
optional and L1, .2 and L3 may be the same or different and
y is an integer indicating the number of repeats of the
indicated moiety;

wherein each L1-L.3 is independently selected from an
optionally substituted divalent aliphatic, alicyclic, heterocy-
clic, aryl, or heteroaryl moiety having 1 to 30 atoms and
each Y1, Y2 and Y3 is independently selected from: —O—,

-8, —NRe-, —€CO—, O CO—, —CO—O—,
~CO-NRe-, —NRe-CO—, —NRe-CO—NRe-,
—OCO—NRe-, —NRe-CO—O—, N—=N_—, N—-N_
NRe-, —CO—S—, — S CO—, S S, —SO2-,

—CRc(OH)—CRc(OH)—, where Rc is hydrogen or C1-C3
alkyl.

In specific embodiments, y is 1-12 and [.1-L.3 are selected
from:
—(CH,)y- (an alkylene) wherein one or more, and prefer-
ably 1-4, carbons of the alkylene are optionally substituted
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with one or more non-hydrogen substituents selected from
halogens, C1-C3 alkyl groups or hydroxyl groups, preferred
y are 2-6;

a cycloalkylene, having a 3-8-member ring wherein one
or more, and preferably 1-4, carbons of the cycloalkylene
are optionally substituted with one or more non-hydrogen
substituents selected from halogens, C1-C3 alkyl groups or
hydroxyl groups, including among others a 1,4-cyclohex-
ylene, a 1,3-cylohexylene, a 1,2-cyclohexylene; a 1,3-cy-
clopentylene, each of which is optionally substituted;

a phenylene, wherein 1-4 of the ring carbons are option-
ally substituted with one or more non-hydrogen substituents
selected from halogens, C1-C3 alkyl groups, nitro group,
cyano group, or hydroxyl groups, including a 1,4-phenylene,
a 1,3-phenylene or a 1,2-phenylene, each of which is option-
ally substituted;

anaphthylene, wherein 1-8 of the ring carbons are option-
ally substituted with one or more non-hydrogen substituents
selected from halogens, C1-C3 alkyl groups, nitro group,
cyano group, or hydroxyl groups, including a 2,6-naphthyl-
ene, a 2,7-naphthylene, a 1,5-naphthylene, or a 1,4-naphth-
ylene moiety, each of which is optionally substituted;

abiphenylene, wherein 1-8 of the ring carbons are option-
ally substituted with one or more non-hydrogen substituents
selected from halogens, C1-C3 alkyl groups or hydroxyl
groups, including a 1,4'-biphenylene, a 1,3'-biphenylene or
a 1,2'-biphenylene, each of which is optionally substituted;

an alkenylene, i.e., a divalent alkylene group, containing
one or more, preferably 1 or 2 double bonds and having 2-12
and preferably 2-8 carbon atoms, wherein one or more, and
preferably 1-4, carbons are optionally substituted with one
or more non-hydrogen substituents selected from halogens,
C1-C3 alkyl groups or hydroxyl groups, including among
others, —CH—CH— and —CH—CH-—CH—CH— which
are optionally substituted;

a heterocyclene (i.e., a divalent heterocyclic moiety)
having a 3-8-member ring with 1-3 heteroatoms, selected
from N, O or S, wherein one or more, and preferably 1-4
carbons, or where feasible heteroatoms, of the heterocyclene
are optionally substituted with one or more non-hydrogen
substituents selected from halogens, C1-C3 alkyl groups,
nitro groups, or hydroxyl groups, including among others a
2,4-3H-azepinylene moiety, a piperidinylene (e.g., a 1,4-
piperidinylene), a piperazinylene (e.g., a 1,4-piperazi-
nylene), a triazolidinylene (a divalent triazolidinyl) or a
triazolylene (a divalent triazolyl) each of which is optionally
substituted; or

a heteroarylene (i.e., a divalent heteroaryl moiety) having
a 5- or 6-member heteroaryl ring having 1-3 heteroatoms
selected from N, O or S, wherein one or more, and prefer-
ably 1-2 carbons, or where feasible heteroatoms, of the
heteroarylene are optionally substituted with one or more
non-hydrogen substituents selected from halogens, C1-C3
alkyl groups, nitro groups, or hydroxyl groups, including
among others a pyridylene (e.g., 2-5-pyridylene), imida-
zolylene (e.g., 2,5-imidazolylene, 4,5-imidazolylene), each
of which is optionally substituted.

In additional embodiments, the spacer is an ecthylene
glycol spacer. More specifically, -M is selected from
—]{(CH,),—0],—, where y is 1-4 and a is 1-6, and prefer-
ably 1-3.

In additional embodiments, -M is selected from:
—CO—NH—CRaRb—[CO—NH—CRaRb],—CO—OH,
where a is 1-6;
—COO—CRaRb—[CO—NH—CRaRb],—CO—OH,
where a is 1-6;

20

25

30

35

40

45

50

55

60

65

20
—0O—CO—NH—CRaRb—[NH—CO—CRaRb],—NH,,
where a is 1-6;

—Y4-CRaRb—[W—CRaRb],—X4, where W is —NH—
CO— or —CO—NH—, where a is 1-6; where:

—X4 is a functional group that reacts with one or more of
an amino group, a carboxylic acid group or ester thereof, a
sulthydryl group, a hydroxyl group, an azide group, a
thioester group, a phoshinothioester group, an aldehyde
group or a ketone group of an amino acid, peptide or protein;
and

—Y4- is —O—, —S—, —NH—, —CO—, —CO,—,
—0—CO—, —CO—0—, —CO—NRc¢-, —NRcCO—,
—CO—S—, or —S—CO— and Rc is hydrogen or a C1-C3
alkyl;

Ra and Rb are selected independently from hydrogen, a
C1-C8 aliphatic group, an alicylic, a heterocyclic, an aryl or
a heteroaryl group, each of which is optionally substituted or

Ra is hydrogen and Rb is a side-group or protected
side-group of a proteinogenic amino acids or an amino acid
selected from hydroxyproline, ornithine, or citrulline.

In specific embodiments, the phenylboronic acid, except
for the -M group or any salt counterion thereof, contains at
most 20 carbon atoms.

In specific embodiments, X and X4 are —NH,, —COOH
or an activated ester thereof, —SH, —N,, —COH, —CO—
CH—CH,, —NH—CO—CH—CH, or —C=CH.

In specific embodiments, the invention provides borona-
tion reagents of formulas IA and IB wherein M1 is a latent
reactive group which can be activated to form —O~, for
example by cleavage of an ester bond (e.g., —O—CO—R,,,
where R, is an optionally substituted alkyl or aryl group and
specifically can be a —OCO—CH; group, cleavage of a
—O—PO,H, or related phosphate ester or cleavage of a
—O0—S80,—R,5 group where R, is an substituted alkyl or
aryl group, particularly a halogenated alkyl or a phenyl
substituted with one or more halogens, nitro groups or other
electron withdrawing groups.

For example, M1 can be activated by an esterase, an
alkaline phosphatase or an exogenous thiol. In this embodi-
ment, M2 carries a latent reactive group which cooperates
with the —O~ generated to cleave the M2 linker and cleave
the boronate from the cargo molecule. In specific embodi-
ments, M2 carries a trimethyl lock structure or a coumarin-
based structure. [45a-f] Each of these references is incor-
porated herein for details on Specific M1 and M2 groups
useful in this invention.

In specific embodiments, M2 is:

where R, and R;; are H, alkyl (particularly C1-C3 alkyl) or
R, and R;, together with the intervening C—C moiety form
a 6-8 member carbocyclic or heterocyclic ring wherein one
of the ring carbons can be replaced with —CO—, such as a
cyclohexenyl ring or cyclohexenone ring and —COX is an
activated ester (e.g., X is a good leaving group), such as
NHS esters (N-hydroxysuccinimide esters) or sulfo NHS
esters (N-hydroxysulfosuccinimide esters).
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In specific embodiments, M2 is:
Rp Ry §

where —COX is an activated ester and each R;, indepen-
dently is a C1-C8 alkyl group or a C3-C8 cycloalkyl group.
In a more specific embodiment, each R;, is a C1-C3 alkyl
group. More specifically, in compounds of formula 1A and
1B containing this M2, it is preferred that an adjacent carbon
on the phenyl ring carries a C1-C8 alkyl group or a C2-C8
cycloalkyl group. More specifically the adjacent carbon on
the phenyl ring carries a methyl group or a C2-3 alkyl group.

The invention further provides boronation reagents of the
following formulas:

IIA

1A

1IB

1IIB

Ry

or salts thereof,
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where R,-R, take values as defined for formulas IA and
IB, except that in the reagent of formula IIA one of R, or R,
is —B(OH), or R, and R; together are:

where R, and R, are defined above and preferably both are
H and x is 1 or 2 and preferably 1;

R;, and R, are as defined above;
X—CO— is an activated ester and

—O—Y is a precursor to —O7, i.e., Y is a labile group, as
described above, and more specifically —OY is —O—
CO—R,,, where R** is an optionally substituted alkyl or
aryl group, a—O—PO;H, or corresponding phosphate ester
or a —O—S80,—R,; group, where R, is an substituted
alkyl or aryl group, particularly a halogenated alkyl or an
aryl group substituted with one or more halogens, nitro
groups or other electron withdrawing groups. In a specific
embodiment, R, is a phenyl group substituted with one or
more halogens, nitro groups or other electron withdrawing
groups.

The invention also provides boronation reagents of the
following formulas:

IVA

VA

IVB
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-continued

VB

or salts thereof

where R, -R, take values as defined for formulas IA and IB,
except that in the reagent of formula IVA one of R, or R, is
—B(OH), or R, and R; together are:

where R, and Ry are defined above and preferably both are
H and x is 1 or 2 and preferably 1 and where in a specific
embodiment R, is a methyl group;

X—CO— is an activated ester and

—O—Y is a precursor to —O7, i.e., Y is a labile group, as
described above, and more specifically —OY is —O—
CO—R,,, where R** is an optionally substituted alkyl or
aryl group, a—O—PO;H, or corresponding phosphate ester
or a —0O—S80,—R,; group, where R,5 is an substituted
alkyl or aryl group, particularly a halogenated alkyl or an
aryl group substituted with one or more halogens, nitro
groups or other electron withdrawing groups. In a specific
embodiment, R, is a phenyl group substituted with one or
more halogens, nitro groups or other electron withdrawing
groups. In specific embodiments, R, is a C1-C8 alkyl group
or a C3-C8 cycloalkyl group. In specific embodiments, R, is
a C1-C3 alkyl group and preferably is a methyl group.

The invention provides the following additional borona-
tion reagents:

VI
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-continued
VII
O
Y.
\O X
Rx Rs»
Raz
Rz Ry
Rz

or salts thereof where X—CO—, Y—O—, R,,, R;, are as
defined above and Rx, Ry and Rz take values of R;-R above
with the exception that one of the Rz’s is a phenylboronate
group of formula IA or IB, wherein one of R;-R, provides
a direct bond to or a linker to the phenyl ring of VI or VII.
In a specific embodiment, the direct bond to the phenyl ring
is a C—C bond, or a —O—C bond. In a specific embodi-
ment, the linker is a linker as defined above or is selected
from—(CH,),—, —0—(CH,),—, —S—(CH,),— —O—

(CH2)a4075 7(CH2)a7075 7Si(CH2)aisis
—CO—(CH,),— —OC—(CH,),— —CO—(CH,),—
CO—,  _(CH), CO—, —NHCO (CH,), .

—(CH,),—CONH—, —NHCO—(CH,),—CO— or
—CO—(CH,),—NHCO—; where a is an integer from 1-10
or 1-6. In specific embodiments of formula VII Ry is a
C1-C8 alkyl group or a C3-C8 cycloalkyl group. In specific
embodiments of formula VII Ry is a C1-C3 alkyl group or
preferably is a methyl group.

Phenylboronate compounds of the invention can be pre-
pared in view of the descriptions herein and methods that are
known in the art or by routine adaptation of such methods.
Methods useful for synthesis of phenylboronates of this
invention can be found, for example, in U.S. Pat. Nos.
5,594,111, 5,594,151, 5,623,055; 5,777,148; 5,744,627,
5,837,878, and 6,156,884, in references [27] and [29-36].
Each of these references is incorporated by reference herein
in its entirety for descriptions of such useful synthetic
methods. FIG. 23 illustrates synthesis of an exemplary
boronation agent of the invention (compound 20). The
methods illustrated in FIG. 23 can be routinely adapted for
synthesis of benzoboroxoles such as compound 10 illus-
trated in FIG. 22.

Boronation regents (phenylboronate compounds) of the
invention specifically include those of formula:

VIIIA
Ye—Xs
PB—Y,—Ls—Y; L5/
R
Ryg 32
Rs
Rss Rs;

where:
PB is a phenylboronate group;
each R;, and R,; independently is a C1-C8 alkyl group or a
C3-C8 cycloalkyl group;
R;,-R;6 are independently selected from hydrogen, a
straight-chain or branched aliphatic group having 1-8 carbon
atoms, a C3-C8 cycloalkyl group, an alicyclic group, an aryl
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group, a heterocyclic group, a heteroaryl group, a —CO,R |,
group, a —O—CO—R |, group, a —CON(R,,), group, a
—O—CON(R,,), group; a —N(R;,), group, a —OR,,
group, a —(CH,),—OH group, a —(CH,),,—N(R;,),

group, a halogen, a nitro group, a cyano group, a —SO,— 5

OR,, group, -M, or R, together with R, or R;5 together
with R, and the ring carbons to which R;¢-R,,, are attached,
optionally form a 5-8-member alicyclic, heterocyclic, aryl or
heteroaryl ring moiety, each of which groups or moieties is
optionally substituted;

Y,, Y5 and Y, are independently selected from —O—,

—S8—, —NRe¢-, —CO—, —O—CO—, —CO—0—,
—CO—NRe-, —NRe-CO—, —NRc-CO—NRe-,
—OCO—NRc¢-, —NR¢c-CO—0O—, —N—N—, —N—N—
NR¢-, —CO—S—, —S—CO—, —S—S—, —SO,—,
—CRc(OH)—CRc(OH)—, where Rc is hydrogen or C1-C3
alkyl;

L5 and L, are divalent spacer moieties; and
X, is a leaving group and —Y —X, together is a reactive
group.

In specific embodiments, each R;, and R;; are C1-C3
alkyl groups and are preferably methyl groups.

L, and L are defined as for L herein above.

In specific embodiments, L. and L, are selected from:
alkylene linkers (—(CH,),—) wherein y is 1-12, and pref-
erably 1-4;
alkoxyalkyl linkers —[(CH,),—O—(CH,),],— wherein q
and r are zero or integers from 1-4, preferably 0, 1, 2 or 3,
as long as one of q and r is not zero, and a is 1-6, preferably
2-4; or
aminoalkyl linkers —[(CH,),—NR,.(CH,),],— wherein
R, 1s hydrogen or a C1-C3 alkyl group, s and t are O or
integers from 1-4, and are preferably 0, 1 or 2 as long as one
of s and t is not zero, and b is 1-3 and preferably is 1.

In specific embodiments Ly is —(CH,),— and L is
—CH,—.

In specific embodiments, Ys—X, together is a reactive
group that reacts with one or more of an amino group, a
carboxylic acid group or ester thereof, a sulthydryl group, a
hydroxyl group, an azide group, a thioester group, a pho-
shinothioester group, an aldehyde group or a ketone group
of an amino acid, peptide or protein.

In specific embodiments, Y4 is a —CO— and X, is a
leaving group of an activated ester. In specific embodiments,
Y is —CO— and X, is a nitro- or halogen-substituted
phenolate group. In specific embodiments, Y, is —CO—
and X is an N-oxido-succinimidyl or a N-oxido-sulfosuc-
cinimidyl group. In specific embodiments, X is pentafluo-
rophenolate, tetrafluorophenolate or p-sulfo-tetrafluorophe-
nolate.

In specific embodiments, Y, is —CO—, —O—CO—,
—CO—0—, —CO—NRc-, —NRc-CO—, —NRc-CO—
NRc-, —OCO—NRc-, or —NRc-CO—O—, where Rc is
hydrogen or a C1-C3 alkyl. In other specific embodiments
Y, is a moiety other than a —CO—0O— or —O—CO—
moiety. In specific embodiments, Y, is —NRc-CO—NRc-.
In specific embodiments, Y, is —NH—CO—NH—.

In specific embodiments, Y5 is —O—. In specific
embodiments, —Y,-Ls-Y5— is —NR—(CH,),—0—,
where y is 2-6, and preferably 2-3, and R, is hydrogen or
unsubstituted C1-C3 alkyl group, particularly hydrogen. In
specific embodiments, —Y,-[5-Ys— is —NR,CO—
(CH,),—0—, or —CONR,~—(CH,),—0— or —NR,~
CONR,—(CH,),—0O—, where y is 2-6, preferably 2-4.

In specific embodiments, —Y ,-L.5-Ys— is —NR,—
(CH,),—CO—, where y is 2-6, preferably 2-3, and R, is
hydrogen or unsubstituted C1-C3 alkyl group, particularly
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hydrogen. In specific embodiments, —Y,-[.s-Ys— is
—NR,CO—(CH,),—CO—, or —CONR,—(CH,),—
O—, or —NR,CONR,——(CH,)y—O—, where y is 2-6,
preferably 2-4.

Boronation reagents of the invention also include:

VIIIB
O
PB—Y,— 5)J\o
Rse
Le—Y¢—Xs;
Rss
Riy
VIIIC
O
PB—Y4—L5)kO 0
Rsg . )LO _Xs
%
Rss
Riy
VIID

N

O
N
B \”/ iz 0 0
(6] R3¢ )k Xg; or
1% o~
Rss
Riy

VIIIE
(€]

eoro
3 \”/ S(CHy, o 0
O R35 X6>
o~
Rss
Riy

where variables are as defined for formula VIIIA. In
specific embodiments of formulas VIIIB-VIIIE, X, is an
N-oxido-succinimidyl, a N-oxido-sulfosuccinimidyl group,
or a substituted phenolate, including pentafluorophenolate,
tetrafluorophenolate, p-nitrophenolate, or p-sulfo-tetrafluo-
rophenolate. In specific embodiments, R;,-R;4 are indepen-
dently a hydrogen, a halide or a C1-C3 alkyl group. In
specific embodiments, R,5 is a methyl group. In specific
embodiments, R;¢ is a methyl group. In specific embodi-
ments, R, is hydrogen. In specific embodiments, y is 1-8 or
y is 1-3, or y is 1 or 2. In specific embodiments, PB is
PB1-PB4 as defined below.
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Boronation reagents of the invention further include:

VIIIF
O
O
PB—Y,—I1% o o}
)J\ Ryss
Rig N
17 o~
[¢]
Rss
R34
VIIG
O
I I )]\
N N O
13- \"/ Sz 0 0
4 2 )J\ i Ryss
36
17 o~
[¢]
Rss
R34
VIIIH
(@]
RN 0
pB” T S (CHyy o 0
Rygs or
O R3¢ JI\ /N
(CHy), ~O
(@]
Rss
Rag
i
(@]
" o
PR~ \"/ S(CH: Mo 0
Rus;
o] Rss _N
O
[¢]
Rss
R34

where R, is hydrogen, SO;H, or SO,”C*, where C* is a
cation, particularly an alkali metal cation and more particu-
larly Na*, and other variables are as defined for formula
XIIIA. In specific embodiments, R;,-R;, are independently
selected from hydrogen, halogen or C1-C8 alkyl or C3-C8
cycloalkyl. In specific embodiments, R;,-R;4 are indepen-
dently selected from hydrogen or a methyl group. In specific
embodiments, R;, is a hydrogen. In specific embodiments,
R, or R;5 are methyl groups. In specific embodiments, R,
is a methyl group and both of R, and R, are hydrogens. In
specific embodiments R is a methyl group and both of R,
and R;, are hydrogens.

In specific embodiments, reagents of formulas XIIIA-
XII1J are useful for reaction with amino groups in biological
molecules and particularly useful for reaction with amine
side chains and the amine terminus of peptides, polypeptides
and proteins to introduce one or more phenylboronate
groups into the peptide, polypeptide, protein or other bio-
logical molecule.

Boronation reagents of this invention further include
those of formula XIA:
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0

0
p-PBJ X

where p-PB is a phenylboronate with the B in the para
position with respect to the —CH,—O—, and X is a
leaving group and —CO—X; is a reactive group. In specific
embodiments, X, is a leaving group of an activated ester. In
specific embodiments, X is a nitro- or halogen-substituted
phenolate group. In specific embodiments, X, is an N-oxido-
succinimidyl or a N-oxido-sulfosuccinimidyl group. In spe-
cific embodiments, X is pentafluorophenolate, tetrafluoro-
phenolate or p-sulfo-tetrafluorophenolate.

These reagents of formula XIA form carbamates on
reaction with amino groups, particularly with amino groups
of proteins, polypeptides, peptide or other biological mol-
ecules. Biological molecules derivatized with these phenyl-
boronate groups undergo oxidative cleavage of the boron
bond to the phenyl ring (B—C bond) within cells to form a
quinone methide. The quinone methide then breaks down to
CO, and regenerates the amine. These reagents are useful in
particularly for reaction with lysine residues of proteins,
polypeptides and peptides.

Boronation reagents of the invention also include com-
pounds of formula XA:

PB—Y,—Ls—Y;

e}

where PB is the phenylboronate group, and Y, L5 and Y5 are
generally as defined herein above and R is a hydrogen or an
alkyl group, particularly a C1-C3 alkyl group that is unsub-
stituted.

The reagents of formula XA are useful for bonding
phenylboronate groups to biomolecules carrying amino
groups, including proteins, polypeptides and peptides. The
maleic anhydride of the reagents of formula XA reacts with
amino groups to form an amide. At low pH, the proximal
carboxylate attacks the amide conjugate to regenerate the
reagent and unmodified biomolecule. The phenylboronated
biomolecules will be taken up into endosomes of cells which
become gradually more acidic, ultimately leading to cleav-
age of the phenyl boronate groups from the biomolecule.

More specifically for formula XA, Y, and Yy, are inde-

pendently a single bond, or a —O—, —S—, —NRe-,
—CO0—, —0—-CO—, —CO—0—, —CO—NRec,
—NR¢-CO—,  —NRe-CO—NRe-, —OCO—NRc-,
—NR¢-CO—0—, —N—N—, —N—N—NR¢-, —CO—
S$—, —S—CO—, —S—S—, —S80O,—, or —CRc¢(OH)—

CRc(OH)—, where Rc is hydrogen or C1-C3 alkyl; and
L, is a divalent spacer moiety.
In specific embodiments, L is selected from:
alkylene linkers (—(CH,),—) wherein y is 1-12, and pref-
erably 1-4;
alkoxyalkyl linkers —[(CH,),—0O—(CH,),],— wherein q
and r are zero or integers from 1-4, preferably 0, 1, 2 or 3,
as long as one of q and r is not zero, and a is 1-6, preferably
2-4; or
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aminoalkyl linkers —[(CH,)s-NR,—(CH,),|,— wherein
R, is hydrogen or a C1-C3 alkyl group, s and t are O or
integers from 1-4, and are preferably 0, 1 or 2 as long as one
of s and t is not zero, and b is 1-3 and preferably is 1.

In specific embodiments, R, is hydrogen. In specific
embodiments R, is a methyl group.

In specific embodiments, —Y,-L.5-Ys— is —NR,—
(CH,),, where t is 1-4. In specific embodiments, —Y ,-L.5-
Ys— is —NH—(CH,),, where t is 1-4 and in particular
where t is 1. In specific embodiments, —Y ,-Ls-Ys— is
—NR,CO—(CH,),, where t is 1-4. In specific embodi-
ments, —Y ,-Ls-Ys— is —CONR,—(CH,)y, where y is
1-4. In specific embodiments, —Y,-Ls-Ys— is —NR,~
CONR,—(CH,),, where y is 1-4. In specific embodiments,
—Y,-Ls-Ys— 1s —O—(CH,),, where r is 1-4 and in
particular where r is 2 or 3.

In specific embodiments, Y,—X, together is a reactive
group that reacts with one or more of an amino group, a
carboxylic acid group or ester thereof, a sulthydryl group, a
hydroxyl group, an azide group, a thioester group, a pho-
shinothioester group, an aldehyde group or a ketone group
of an amino acid, peptide or protein.

Phenylboronate groups (PB) are phenyl groups carrying a
—B(OH),, —B(OH)(OR) or a

R; Rg

x =0

=

OH

moiety bonded at adjacent carbons of the phenyl ring,
where R is an optionally substituted aliphatic group which
optionally links to the phenyl ring to form a 5- or 6-member
boroxole ring.

Additional phenylboronates are phenyl groups carrying a
—B(ORy), where each —Rj is an optionally substituted
aliphatic group or optionally substituted heteroaliphatic
group, particularly an optionally substituted alkyl group,
wherein the two RB are optionally linked together to form
an optionally substituted 5- to 8-member heteroaliphatic
ring. In a specific embodiment, the —B(ORy), group is:

Rr Rg

(Kﬁi >B%

R Rg

where each R, is independently hydrogen or alkyl, par-
ticularly a C1-C3 alkyl group, k is 0 or 1 and K is selected
from an optionally substituted divalent aliphatic or an
optionally substituted divalent heteroaliphatic moiety hav-
ing 1 to 3 atoms in the divalent aliphatic or heteroaliphatic
moiety. When k is O there is a single bond between the
carbons in the ring. In specific embodiments, K is selected

from —(CH,), ;— —(CH,), ,—0— —CH,—0—
CHy—, —O—(CH,), 5— —(CH,), > NRg—, —CH,—
NRp—CH,—, —NRp—(CH,), ,— —(CH,), ,—S—,

—CH,—S—CH,—, or —S—(CH,), ,, where each carbon
of the K moiety is independently optionally substituted,
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particularly with one or two —Rj groups. In preferred
embodiments, k is 0 and the boronate group has a 5-member
ring:

Rz Rz
(@]
\
B
/
(@]
Rz Rz ,

where R, is as defined above, but in specific embodiments
all R, are methyl groups or all R, are hydrogen. In other
embodiments, k is 1 and K is:

—[CRR),]; 35— —(CH,)— —(CH,),— or —(CH,)5—
—(CH,);—NRz—(CH,),—, or —(CH,),—N(CH;)—
(CHy)—
Specific PB include:
PB1
R,
Rz
O
\
B
/
HO
Rs ,
PB2
R,
O
N\
/ R
HO
Rs ,
PB3
R;
Ry
R Rs
B
Ho” Sor  » and
PB4
Ry
Ry Ry
HO—E Rs
\

OR

wherein: x, R;-Rs, R, Rg and R are as defined in formula IA
and IB above. In specific embodiments, R, -R5 are all hydro-
gen. In specific embodiments, R, and Ry are hydrogens. In
specific embodiments, x is 1.

In a specific embodiment of formula PB1, R,, R; and R5
are all hydrogen. In a specific embodiment of formula PB2,
R,, R, and Ry are all hydrogen. In a specific embodiment of
formula PB3, R,, R; and Rs are all hydrogen and R, is
hydrogen or a halogen. In a specific embodiment of formula
PB4, R, R, and Rs are all hydrogen and R, is hydrogen or
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a halogen. In a specific embodiment of formula PB3 R,-R;,
and R; are all hydrogen. In a specific embodiment of
formula PB3 R;-R; are all hydrogen. In a specific embodi-
ment of formula PB3, R is a —CO—R,, where R, is
hydrogen, a C,-C,, alkyl group (preferably C1-C6 alkyl
group), an optionally substituted phenyl, or an optionally
substituted benzyl group. In a specific embodiment of for-
mula PB4, R,-R,, R,-R and R are all hydrogen. In a specific
embodiment of formula PB4, R|-R,, and R,-Rs are all
hydrogen. In a specific embodiment of formula PB4, R is a
—CO—R,, where R is hydrogen, a C,-C,, alkyl group
(preferably C1-C6 alkyl group), an optionally substituted
phenyl, or an optionally substituted benzyl group.

In another embodiment, PB is the group PBS5 having
formula:

): 6}

Rz0

Rs R4

where R;-R; are as defined for formulas IA and IB above,
but wherein one of R-R; is a bond or a divalent moiety for
bonding directly or indirectly through one or more linkers to
a reactive group. For example, PB5 includes among others:

PB5A
Ry R,
R50
\
B s
/
RO
Rs R4
PB5B
Rg
Rg o
\B
)
O/ \ /\ R
R,
R
Rr
PB5C

A

In a specific embodiment of PB5, four of R,-R5 are
hydrogens or alkyl groups. In a specific embodiment of PBS,
four of R, -R; are hydrogens and one of the remaining R -Rs
is a single bond or a Y, or L5 group. In a specific embodi-
ment of PB5, one of R,-Rs is a halogen, particularly a
chlorine or a bromine, and one of the remaining R,-R, is a
single bond or a Y, or L. In a specific embodiment of PBS5,
R, is a halogen and R is a single bond ora Y, or L5 group.
In PB5B and PBS5C, R" represents 1-4 R on any four ring
positions with one ring position being a single bond or a
divalent moiety for attachment via one or more linkers to a
reactive group. In a specific embodiment of PB5B, all of R,
are methyl groups or all of R, are hydrogens. In a specific
embodiment of PB5B or PB5C, R" are hydrogen or methyl
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groups or all of R" are hydrogen. In a specific embodiment
of PB5B or PB5C, three of R" are hydrogen and one of R"
is halogen.

PB5SA and PB5B and PB5C groups where the single bond
is in the para position from the boron group are particularly
useful in reagents of formula XIA above to form quinone
methides on oxidation once inside a cell.

Boronation reagents of this invention further include:

XIB
RBO\
B
/
RO
XIB1
HO
\
B
/
HO
XIC
RBO\
B
/
RO
XIC1
HO
\
B
/
HO
XIC2
RO
B
RO
XIC2, where X, is a halogen
XID
XID1



US 9,732,101 B2

33

-continued

X, 0 0
Ve —{
/

B 0—N
/
o
0

where X, is a halogen, wherein R;, R,, R; and R, are as
defined for formulas IA and IB above. In specific embodi-
ments, R;, R,, R; and R, are selected from hydrogen, C1-C3
alkyl, or halogen. In specific embodiments, all of R;, R,, R;
and R, are hydrogens.

XID2

Boronation reagents of the invention further include:

XB

_Lﬁ
XB1

P@@/ _LS/¢
XC

NH— L%
XD

O
Ry Rs

w
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-continued

#
NH

Rz
Rr

o\w/

Rz Rz

XF

HO—

RO
XG

HO~—_

HO
XG1

#
NH o

O; or
#
NH o
#O.
HO\B

/

HO

where variables are as defined above for formula XA.

In specific embodiments, boronation reagents of the
invention are compounds 100, 200 or 300 as illustrated in
FIGS. 24-26, respectively.

Boronation reagents of formulas VIIIA-VIIIH can be
prepared as illustrated in the Scheme of FIG. 24 or by
routine adaptation of this method, for example, by choice of
starting materials or reagents. Boronation reagents of for-
mulas X1A, X1B, XIBI, XIC, XIC1, XIC2, XID, XID1, and
XID2 can be prepared as illustrated in the Scheme of FIG.
25 or by routine adaptation of this method, for example, by
choice of starting materials or reagents. Boronation reagents
of formulas XIA, XIB, XIBI1, XIC, XIC1, XIC2, XID,
XID1, and XID2 can be prepared as illustrated in the
Scheme of FIG. 25 or by routine adaptation of this method,
for example, by choice of starting materials or reagents.
Boronation reagents of formulas XA, XB, XB1, XC, XD,
XE, XF, XG1, and XG2 can be prepared as illustrated in the
Scheme of FIG. 26 or by routine adaptation of this method,
for example, by choice of starting materials or reagents.
Additional synthetic methods useful in the synthesis of
boronation reagents of this invention are found in U.S. Pat.
Nos. 7,442,764, 7,842,823 and 8,637,490, each of which is
incorporated by reference herein for descriptions of synthe-
sis of phenylboronate compounds.
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The schemes of FIGS. 24-26 employ the following abbre-

viations:
DMAP is 4-dimethylaminopyridine; EDC is 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide; DCC is dicyclohexyl-
carbodiimide; DCM is (dichloromethane); PCC is pyri-
dinium chlorochromate; NHS is N-hydroxysuccinimide;
TEA is triethylamine; AIBN is 2,2'-azobis(2-methylpropi-
onitrile); B+NBS is N-bromosuccinimide; TBDMSICI is
t-butyldimethylsilyl chloride; Pd(dppf) is 1,1'-Bis(diphenyl-
phosphino)ferrocene]-palladium(Il), typically the dichloro-
paladium; KOAC is potassium acetate; B2pin2 is bis[pina-
colato]diboron.

Boronation reagents as described herein can be employed
to add phenyl boronate groups, as defined herein, to an
amino acid, particularly lysine with respect to amine-reac-
tive boronation reagents, to a peptide, an oliogpeptide, a
polypeptide or a protein or other biological molecule. The
boronation reagents herein can be used to add 1 or more
phenylboronate groups to such molecules. For example,
boronation reagents can be used to derivatize carboxylic
acid (or ester) groups or amino groups in a peptide, an
oliogpeptide, a polypeptide or a protein or other biological
molecule.

In specific embodiments, one to all of the amino groups
in such cargo molecules can be reversibly derivatized using
the boronation reagents of this invention. In specific
embodiments, cargo molecules are derivatized with 1-10
phenyl boronate groups, or 1-5 phenylboronate groups, or
2-7 phenylboronate groups, or 2-5, phenyl boronate groups.
In specific embodiments, cargo molecules are derivatized
with 2 phenylboronate groups employing the boronation
reagents of this invention. In specific embodiments, the
boronation reagents of formulas VIIIA, XIA and XA are
employed to prepare boronated lysines.

In a related embodiment, the invention provides a phe-
nylboronated oligopeptide for ligation to, binding to or
crosslinking with a cargo molecule, such as a nucleic acid,
peptide or protein and the boronated peptide or protein
which is ligated, bound to or crosslinked with the phenyl-
boronated oligopeptide. In specific embodiments, the phe-
nylboronated oligopeptide contains 2-30 amino acids, con-
tains 2-20 amino acids, contains 2-15 amino acids or
contains 5-10 amino acids. In specific embodiments, 75% or
fewer of the amino acids of the oligopeptide are boronated.
In additional embodiments, 50% or fewer, 25% or fewer or
10% or fewer of the amino acids of the oligopeptide are
boronated. In specific embodiments, a phenylboronate group
is bonded to an amino acid side group of one or more amino
acids of the oligopeptide. In a specific embodiment, a
phenylboronate group is bonded to the N-terminus of the
oligopeptide. In a specific embodiment, a phenyl boronate is
bonded to the C-terminus of the oligopeptide. Phenylboro-
nated oligopeptides include those in which one or more
phenylboronated amino acid, such as a boronated glutamate,
aspartate, phenyl alanine or lysine alternate in the oligopep-
tide with one or more non-boronated amino acid, such as
glycine or leucine.

Phenylboronated oligopeptides include those containing
one or more phenylboronated amino acids, such as a boro-
nated glutamate, aspartate, phenyl alanine or lysine, wherein
each boronated amino acid is spaced from other boronated
amino acids by one or more non-boronated amino acids,
such as a glycine. In such embodiments, the phenylboronate
groups may extend over the length of the oligopeptide. In
other embodiments, the phenylboronate groups may be
located on adjacent amino acids at one end of the oligopep-

20

25

30

35

40

45

50

55

60

65

36

tide, for example at or near the end distal to the site of
attachment of the oligopeptide to the peptide or protein.

Any amino acid that is known in the art to be useful in the
synthesis of oligopeptides may be employed in the oligo-
peptides of this invention. Amino acids include any natu-
rally-occurring amino acids or any non-naturally occurring
(synthetic) amino acids, and any amino acids occurring in
peptides or proteins in nature.

In a specific embodiment, the invention provides a phe-
nylboronated oligopeptide reagent containing a ligand
group, such as biotin or a functional derivative thereof. The
reagent generically has the formula:

T-L-phenylboronated oligopeptide(where T-L may be
at the N-terminus or C-terminus of the oligo-
peptide).

where T is a ligand group that binds to a cargo molecule,
such as a nucleic acid, peptide or protein or a reactive group
X (as defined above) that reacts with a reactive group of a
cargo molecule, such as a nucleic acid, peptide or protein,
particularly that is an amine-reactive, a carboxyl-reactive, a
sulthydryl-reactive, a hydroxyl-reactive, an aldehyde- or
ketone-reactive group, an azide-reactive, a thioester reactive
or a phosphinothiol reactive group and L is an optionally
spacer moiety (as defined above).

On binding to or reacting with a cargo molecule, such as
a nucleic acid, peptide or protein, the cargo molecule carries
one or more boronated oligopeptide tags: Protein (-T1-L-
boronated oligopeptide),, where z is 1-12 or more and
preferably z is 1-6.

In a specific embodiment, the oligopeptide or oligopep-
tide reagent comprises 2-20 amino acids of which at least
two amino acids are boronated as described herein. In more
specific embodiments, the oligopeptide carries 3-12 phenyl-
boronate groups. In a specific embodiment, the peptide
contains 1-12 amino acids with side groups having an
—NH, group. In a specific embodiment, the peptide con-
tains 1-12 amino acids with side groups having an —COOH
group.

In a specific embodiment, T is a ligand which binds to a
selected nucleic acid or protein. In a specific embodiment T
is biotin or a derivative thereof. Various functional biotin
derivatives are known in the art and a number are commer-
cially available. For example, biotin can be readily trans-
formed at its carboxyl terminus for attachment to numerous
species. Further, a variety of biotinylation reagents are
known in the art which can be employed in preparation of
boronated oligopeptide reagents of this invention.

In a specific embodiment, T is a group that can function
for peptide ligation to form a peptide bond between the
peptide or protein and the boronated oligopeptide. This
group may be selected from —NH,, —COOH or an acti-
vated ester, a thioester, an azide, a phosphinothioester or the
like.

In specific embodiments, spacer groups for phenylboro-
nate compounds and for boronated oligopeptides include
among others:
an alkylene chain having 1-20 and preferably 3-10 carbon
atoms,
an alkyloxylene chain having 1-20 carbon and oxygen atoms
and preferably 5-12 carbon or oxygen atoms (an alkylene
chain in which one or more non-adjacent CH, moieties are
replaced with —O—);
an acetoxymethyl ether moiety;
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an alkylthiolene chain having 1-20 carbon and sulfur atoms
and preferably 5-12 carbon or sulfur atoms (an alkylene
chain in which one or more non-adjacent CH, moieties are
replaced with —S—); or

an alkylaminolene chain (i.e., a divalent alkylene chain in
which one or more non-adjacent CH, moieties are replaced
with —NRc-) having 1-20 carbon and nitrogen atoms and
preferably 5-12 carbon or nitrogen atoms where Rc is
hydrogen or a C1-C3 alkyl group, a 5- or 6-member divalent
alicyclic, heterocyclic, aryl or heteroaryl ring moiety, one or
two alkylene moieties linked to a 5- or 6-member alicyclic,
heterocyclic, aryl or heteroaryl ring moiety.

In specific embodiments, phenylboronate compounds of
this invention contain a reactive functional group for attach-
ment of the phenylboronate to a nucleic acid, an amino acid,
peptide or protein. The reactive functional group can, for
example, be a group that reacts with an amino, a carbonyl,
a carboxylate, a carboxylic ester, a sulthydryl or a hydroxyl
group. Preferably such reactive groups react to attach the
phenylboronate to the nucleic acid, amino acid, peptide or
protein under conditions such that the phenylboronate sub-
stantially retains sugar binding activity and which do not
substantially detrimentally affect the biological activity of
interest of the amino acid, peptide or protein. In a specific
embodiment, the phenyl boronate contains an amine reactive
group for bonding to an amino group of a nucleic acid base.
A variety of reactive groups useful for coupling to a nucleic
acid, nucleoside, peptide or protein are known in the art and
one of ordinary skill in the art can select among such known
reactive groups to practice the methods of the present
invention without undo experimentation.

An overview of bioconjugation methods that can be
employed for boronation of peptides and proteins is found in
Hermanson, G. T. Bioconjugation Technigues (2"¢ Ed.) 2008
Academic Press/Elsevier London, UK. This reference also
contains detailed descriptions of homobifunctional and het-
erobifunctional crossing linking reagents which can be
employed to covalently attach a phenylboronate group to an
amino acid, peptide or protein.

Amine-reactive groups are exemplified by a carboxylate
group, a carboxylate ester group, an acid chloride group, an
aldehyde group, an acyl azide group, an epoxide, an isoth-
iocyanate group, an isocyanate group, an imidoester group
or an anhydride group. Amines react with carboxylates in the
presence of coupling reagents, such as carbodiimides.
Amine-reactive groups include active carboxylic acid ester
groups, such as succinimidyl ester groups or sulfosuccinim-
idyl ester groups (e.g., N—OH succinimidyl or N—OH
sulfosuccinimidyl groups); haloalkyl ester groups, such as
trifluoroalkyl ester groups and hexafluoroalkyl ester groups;
halopheny! ester groups, particularly fluorophenyl and chlo-
rophenyl ester groups, including penta- and tetrafluorophe-
nyl ester groups, pentachlorophenyl ester groups; nitrophe-
nyl ester groups, including 2-nitrophenyl, 4-nitrophenyl and
2,4-dinitrophenyl ester groups; as well as other substituted
phenyl ester groups, including sulfodichlorophenol ester
groups.

Examples of amine-reactive groups and their reactions
with amino groups are provided in FIG. 8. For example,
carboxylate-substituted phenylboronic acid can be coupled
to an amino group of an amino acid, peptide or protein to
form an amide linkage employing a coupling agent, such as
a carbodiimide. A formyl-substituted phenylboronic acid can
be reacted with an amino group of an amino acid, peptide or
protein by reductive amination forming a —NH—CH,—
linkage. An acylazide-substituted phenylboronic acid can be
coupled to an amino group of an amino acid, peptide or
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protein to form an amide linkage. A phenylboronate substi-
tuted with an activated ester —COO—Z, reactive group can
be reacted with an amino group of an amino acid, peptide or
protein forming an amide linkage. A phenylboronate sub-
stituted with an isocyanate or a isothiocyanate reactive
group can be reacted with an amino group of an amino acid,
peptide or protein forming a urea or thiourea linkage,
respectively. A phenylboronate substituted with an anhy-
dride group, such as a maleic anhydride group can be reacted
with an amino group of an amino acid, peptide or protein
forming an amide bond where at least a portion of the
anhydride forms a spacer between the phenylboronate and
the amino group. An imidoester-substituted phenylboronate
can be reacted with an amino group of an amino acid,
peptide or protein forming an amidine linkage. Reactions
analogous to those shown in FIG. 8 can be used to couple the
phenylboronate to an amino group of a nucleic acid.
General conditions for carrying out reactions between
amine-reactive groups and amino groups of a nucleic acid,
an amino acid, peptide or protein are well known in the art
and can be carried out by one of ordinary skill in the art
without undue experimentation. As illustrated in FIG. 8, the
reactive group can be a substituent on the phenyl ring of the
phenylboronate or can be contained in the substituent. The
reactive groups exemplified in FIG. 8 can also be linked to
the phenyl ring of the phenylboronate by a spacer moiety L,
such as described herein. It will be appreciated that it may
be useful to protect the —B(OH), group of the phenylbo-
ronate while carrying out such reactions with amino groups.
Usetul protecting groups for the —B(OH), are known in the
art, for example, pinacol, perfluoropinacol, pinanediol, eth-
ylene glycol, diethylene glycol, catechol, 1,2-cyclohexane-
diol, 1-3-propanediol, 2,3-butanediol, glycerol, neopentyl-
glycol, diethanolamine, N-methyldiethanolamine, and 1-(4-
methoxyphenyl)-2-methylpropane-1,2-diol can be
employed. See for example, Yan J. et al. (2005) [23].
Sulfhydryl-reactive groups are exemplified by haloacetyl
and haloacetamidyl] groups, particularly iodoacetyl and bro-
moacetyl or corresponding acetamidyl groups, maleimide
groups, haloalkyl groups, halobenzyl groups, acryloyl
groups, epoxide groups, groups that undergo thiol-disulfide
exchange, such as dipyridyl disulfide groups or 2,2'-dihy-
droxy-6,6'-dinaphthyldisulfide groups, or thiosulfate groups.
Exemplary sulthydryl-reactive groups are provided in FIG.
9 where the linkages formed are illustrated, for example
—S—CH,—CH,—, —S—CH,—CHR—, or —S—S—
linkages can be formed (where R depends upon the reactive
group employed). General conditions for carrying out reac-
tions between sulthydryl-reactive groups and sulthydryl
groups of an amino acid, peptide or protein are well known
in the art and can be carried out by one of ordinary skill in
the art without undue experimentation. As illustrated in FI1G.
9, the reactive group can be a substituent on the phenyl ring
of the phenylboronate or can be contained in the substituent.
The reactive groups exemplified in FIG. 9 can also be linked
to the phenyl ring of the phenylboronate by a spacer moiety
L, such as described herein. It will be appreciated that it may
be useful to protect the —B(OH), group of the phenylbo-
ronate while carrying out such reactions with sulthydryl
groups. Useful protecting groups for the —B(OH), are
known in the art as described hereinabove.
Carboxylate-reactive functional groups are exemplified
by amines (e.g., employing a carbodiimide), hydrazine
groups, hydrazide groups, sulfonylhydrazide groups, diazo-
alkyl groups, diazoaryl groups, diazoacetyl groups, hydroxyl
groups or sulthydryl groups. FIG. 10 illustrates coupling of
an amino substituent on a phenylboronate with a carboxylic
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acid group of an amino acid, peptide or protein (P—COOH)
employing a coupling reagent such as a carbodiimide. FIG.
10 also illustrates an alternative reaction where the carboxy-
late group is activated, for example by formation of an active
ester or by reaction with carbonyl diimidazole to form an
activated carbonyl followed by reaction with a hydroxyl
group to form an ester, a sulthydryl group to form a thioester
or a hydrazine to form a hydrazide. As illustrated in FIG. 10,
the carboxylate-reactive group can be linked to the phenyl
ring of the phenylboronate by a spacer moiety L, such as
described herein. Alternatively, the reactive group can be
substituted directly on the phenyl ring of the phenylboro-
nate. It will be appreciated that it may be useful to protect
the —B(OH), group of the phenylboronate while carrying
out such reactions with carboxylate groups. Useful protect-
ing groups for the —B(OH), are known in the art as
described hereinabove.

Hydroxyl-reactive functional groups are exemplified by
isocyanate groups; epoxide groups; alkyl or aryl halide
group, e.g., a halotrityl group; an activated carbamate group,
an activated ester group (such as described above), N,N'-
disuccinimidyl carbonate groups or N-hydroxysuccinimidyl
chloroformate groups. FIG. 11 illustrates reaction of the
hydroxyl group of a serine which may be in a peptide or
protein with an isocyanate-substituted phenylboronate to
form an —OCO—N— linkage. Terminal serines can be
treated with periodate to generate an aldehyde which can
then be reacted with hydrazine groups, hydroxylamine
groups, or amino groups. The hydroxyl group (phenolate) of
a tyrosine residue can react with an acylating or alkylating
agent forming an ester or ether, respectively, with a diazo-
nium group to form a diazo compound or with an amino
group in the presence of an aldehyde (e.g., formaldehyde or
glutaraldehyde) to form a Mannich condensation product as
also illustrated in FIG. 11. As shown in FIG. 11, the reactive
group can be a substituent on the phenyl ring of the
phenylboronate. Alternatively the hydroxyl-reactive group
can also be linked to the phenyl ring of the phenylboronate
by a spacer moiety L, such as described herein. It will be
appreciated that it may be useful to protect the —B(OH),
group of the phenylboronate while carrying out such reac-
tions with carboxylate groups. Useful protecting groups for
the —B(OH), are known in the art as described hereinabove.

Aldehyde and ketone-reactive groups are exemplified by
hydrazine groups and derivatives thereof including hydraz-
ides, semicarbazides and carbohydrazides, and amino
groups. Various methods for introduction of aldehyde and
ketone groups into amino acids, peptides and proteins are
known in the art. For example, N-terminal serine and
threonines can be oxidized using periodate to form aldehyde
groups. As illustrated in FIG. 12, an aldehyde or ketone
group of an amino acid, peptide or protein reacts with a
hydrazide group to form a hydrazine. Also as illustrated in
FIG. 12, an aldehyde reacts with an amine to form a
Mannich condensation product.

Azide groups react with alkenyl or akynyl groups (in
so-called Click reactions) to form triazolines or triazoles.

Phosphinothioesters react with azide groups as described
in U.S. Pat. Nos. 6,972,320, 7,256,259, and 7,317,129 and
U.S. published application US 2010/0048866 to form amide
bonds in a traceless Staudinger ligation. Phosphinothioesters
can be prepared employing phosphinothiol reagents as also
described in these references. Each of these references is
incorporated by reference herein in its entirety for descrip-
tions of such ligation reactions, methods of making azides,
and methods of making phosphinothioesters.
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Aldehyde, ketone, azide, activated esters groups, thio-
ester, or phosphinothiol groups are introduced or generated
in amino acids, peptides and proteins to be boronated by any
art-known methods and in a specific embodiment by reac-
tion of a protein modifying reagent with one or more of an
amino group, a carboxylic acid group, a sulthydryl group or
a hydroxyl group of an amino acid, peptide or protein.

Boronation methods of this invention can employ any
art-known peptide ligation method for attaching one or more
boronated amino acids or one or more boronated oligopep-
tides to a peptide or protein for enhancement of cellular
uptake of the peptide or protein. Useful peptide ligation
methods include, among others, native chemical ligation,
expressed protein ligation, methods described in refs [47a-
gl, Staudinger ligation methods, including those described
in U.S. Pat. No. 6,972,320, U.S. Pat. No. 7,256,259 and U.S.
Pat. No. 7,317,129, and other references cited in U.S. Pat.
No. 6,972,320. Each of these references is incorporated by
reference herein in its entirety for descriptions of peptide
ligation methods.

Boronation methods of this invention can employ various
bioconjugation methods as known in the art. One or ordinary
skill in the art in view of the descriptions herein and
bioconjugation methods and peptide ligation methods
known in the art can conjugate one or more phenylboronate
compounds of this invention or one or more boronated
oligopeptides of this invention to an amino acid, peptide or
protein.

Boronation methods of this invention can employ cross-
ing linking reagents for conjugating phenylboronate com-
pounds to amino acids, peptides or proteins or for conju-
gating boronated oligopeptides to peptides or proteins.
Crosslinking agents effect conjugation of two selected mol-
ecules and may also provide a spacer moiety between the
conjugated molecules. Coupling agents, such as carbodiim-
ides, are zero-length crosslinking reagents in which a single
bond is formed between the molecules with no additional
atoms added between the molecules as a spacer or linker. For
example, a carbodiimide can be used to conjugate a mol-
ecule carrying an group (i.e., an amine) to a molecule
carrying a carboxylate group (a carboxylic acid) by forma-
tion of an amide bond with formal loss of H,O.

Various carbodiimides are known in the art and a number
are commercially available for conjugation including among
others EDC (1-ethyl-3-[3-dimethylaminopropyl|carbodiim-
ide hydrochloride), DCC (dicyclohexylcarbodiimide), DIC
(diisopropylcarbodiimide), CMC (N-Cyclohexyl-N'-(2-
morpholinoethyl)carbodiimide methyl-p-toluenesulfonate),
Woodward’s reagent K (2-ethyl-5-phenylisoxazolium-3'-
sulfonate), and CDI (N,N'-carbonyl diimidazole), each of
which is useful for conjugating an amine with a carboxylate.
CDI can also be used for conjugating a hydroxyl group to an
amine forming a carbamate.

Homobifunctional crosslinking reagents contain two
identical reactive groups separated by a spacer or linker
moiety. Heterobifunctional crosslinking reagents contain
two reactive groups with different selectively for reaction,
e.g., an amine-reactive group and a sulfhydryl-reactive
group separated by a spacer or linker moiety. Various
homobifunctional and heterobifunctional crossing linkage
reagents are known in the art and a number are commercially
available from Pierce (Thermo Scientific), Rockford, Ill.,
Sigma-Aldrich, St. Louis, Mo. or Molecular Probes (Life
Technologies), Eugene Oreg.

Useful homobifunctional crosslinking reagents include
those carrying two amine-reactive groups, those carrying
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two sulthydryl reactive groups, those carrying two carboxy-
late reactive groups, or those carrying two aldehyde or
ketone reactive groups.

Useful heterobifunctional crosslinking reagents include
those carrying one of an amine-reactive group, a sulthydryl
reactive group, a carboxylate reactive group, or an aldehyde
or ketone reactive group and one of a different reactive
group selected from an amine-reactive group, a sulthydryl
reactive group, a carboxylate reactive group, or an aldehyde
or ketone reactive group.

Homobifunctional and heterobifunctional crosslinking
reagents can in general contain any spacer or linking moiety
compatible with the reactive groups therein wherein the
spacer or linker itself is not reactive with the compounds to
be conjugated. In specific embodiments, the spacer or link-
ing moiety typically ranges from 3-20 atoms (typically C, O,
S and/or N atoms) in length (including residues from the
reactive group), and optionally contain one or more carbon-
carbon double bonds, and/or a 5- or 6-member alicyclic,
heterocyclic, aryl or heteroaryl ring. Carbon atoms in the
spacer or linker are often substituted with one or more
hydroxyl groups, oxo moieties (—O), or halogens (e.g., F).
Nitrogen groups in the linker may be substituted with
hydrogen or with C1-C3 alkyl groups. The spacer or linker
may contain one or two —S—S— and/or —SO,— moieties
which are cleavable. The spacer or linker may be selectively
cleavable, for example, by change of conditions (e.g., pH
change), addition of a cleavage reagent, or photoirradiation
(e.g., UV irradiation). In specific embodiments, a cleavable
linker includes one or two disulfide bonds which are selec-
tively cleavable, for example on treatment with dithiothre-
itol, a cleavable linker contains a diol moiety which is
selectively cleavable by treatment for example with perio-
date, an ester moiety, which id selectively cleavable by
treatment with hydroxylamine, a sulfone moiety (—SO,—)
which is selectively cleavable under alkaline conditions.

Homobifunctional crosslinking reagents can be used, for
example, to conjugate an amino group of a nucleic acid, an
amino acid, peptide or protein with an amine substituent on
a phenylboronate compound. Amine-reactive groups
employed in homobifunctional crosslinking reagents include
among others, activated ester groups, such as NHS esters
(N-hydroxysuccinimide esters) or sulfo NHS esters (N-hy-
droxysulfosuccinimide esters), imidoester group, such as
methylimidate salts, isothiocyanate groups and aryl halide
groups, such as difluorobenzene derivatives. Amine-reactive
homobifunctional include among others:
dithiobis(succinimidylproprionate) [DSP] and its sulfo-NHS
analog [DTSSP], disuccinimidyl suberate [DSS] and its
sulfo-NHS analog [BS3], disuccinimidyl tartarate [DST]
and its sulfo NHS analog [sulfo-DST], bis(2-succinimidy-
loxy-carbonyloxy)ethylsulfone [BSOCOES] and its sulfo-
NHS analog [sulfo-BSOCOES], ethylene glycol bis(succin-
imidylsuccinate) [EGS] and its sulfo-NHS analog [sulfo-
EGS], disuccinimidyl glutarate [DSG], N,N'disuccinimidyl
carbonate [DSC], dimethyl adipimidate [DMA], dimethyl 3,
3-dithiobispropionimidate [DTBP], 4,4'-disiothiocyanatos-
tilbene-2,2'-disulfonic acid salts, 1,5-difluoro-2,4-dini-
trobenzene [DFDNB], 4,4'-difluoro-3,3'-dinitrodiphenylsul-
fone.

Homobifunctional crosslinking reagents can be used, for
example, to conjugate a sulthydryl group of an amino acid,
peptide or protein with a sulfhydryl substituent on a phe-
nylboronate  compound.  Sulfhydryl-reactive  groups
employed in homobifunctional crosslinking reagents include
among others, alkyl halide groups, maleimide groups, and
dithiopyridyl groups. Sulthydryl-reactive homobifunctional
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crosslinking reagents include, among others, 1,4-di-[3'-(2'-
pyridyldithio)propionamido]-butane [DPDPB], bismaleimi-
dohexane[BMH], 1,4-bismaleimidyl-2,3-dihyroxybutane
[BMDB], 1,8-bismaleimidodiethyleneglycol [BMOPEG)2],
bismaleimidoethane [BMOE], dithiobismaleimidoethane
[DTME], and N,N'-hexamethylene-bis(iodoacetamide).

Hydroxyl-reactive homobifunctional crosslinking
reagents can be used to conjugate a hydroxyl group on an
amino acid, peptide or proteins with a hydroxyl group
substituent on a phenylboronate compound. Hydroxyl-reac-
tive groups include those having epoxide groups, such as
diglycidylethers, particularly 1,4-butanediol diglycidyl
ether.

Bis-epoxide reagents can also react with amino groups
and sulthydryl groups. A carboxylate group in an amino
acid, peptide or protein can be conjugated to a carboxylate
group substituent in a phenylboronate compound, for
example, by generating an active ester at the carboxylate
groups and esterifying the active esters with an alkanediol
crosslinking reagent, such a 1,6-hexane diol, or 1,12-dode-
canediol.

Aldehyde/ketone-reactive homobifunctional crosslinking
reagents can be used to conjugate an aldehyde or ketone
group introduced or generated in an amino acid, peptide or
protein with an aldehyde or ketone group substituent on a
phenylboronate compound. Bis-hydrazide reagents can be
used to crosslink molecules containing aldehyde or ketone
groups, examples of such crosslinking reagents include
among others adipic acid dihydrazide and carbohydrazide.

Heterobifunctional crosslinking reagents include those
which contain an amine reactive group and a sulthydryl-
reactive group. For example, such a heterobifunctional
crosslinking reagent can be used to link an amino group in
a nucleic acid, an amino acid, peptide or protein with a
sulthydryl substituent in a phenylboronate or alternatively to
link a sulthydryl group in an amino acid, peptide or protein
with an amine substituent in a phenylboronate compound.

Exemplary heterobifunctional crosslinking reagents
include those carrying an activated ester group, such as an
NHS ester (or sulfo-NHS ester) group or a nitrophenyl or
other substituted phenyl ester and a maleimide group; those
carrying such an activated ester group and a dithiopyridyl
group, those carrying an activated ester group and an halo-
acetyl group (e.g., an iodoacetyl group), or those carrying an
imidoester group and a maleimide group.

Exemplary heterobifunctional amine/sulthydryl-reactive
crosslinking reagents include, among others, N-(y-maleimi-
dobutyryloxy)succinimide ester [GMBS] and its sulfo-NHS
analog [sulfo-GMBS], 4-succinimidyloxycarbonyl-ca--(2-
pyridyldithio)toluene [SMPT], succinimidyl-4-(N-maleim-
idomethyl)cyclohexane-1-carboxylate [SMCC] and its
sulfo-NHS analog [sulfo-SMCC], m-maleimidobenzoyl-N-
hydroxy-succinimide ester [MBS] and its sulfo-HNS analog
[sulfo-MBS], N-succinimidyl(4-iodoacetyl)-aminobenzoate
[SIAB] and its sulfo-HNS analog [sulfo-SIAB], succinim-
idyl-6-(iodoacetyl)aminohexanoate [SIAX], N-succinim-
idyl-3-(2-pyridylthio)propionate [SPDP], succinimidyl-4-
(p-maleimidophenyl)butyrate [SMPB] and its sulfo-NHS
analog [sulfo-SMPB], succinimidyl-(|[N-maleimidopropio-
namidol]ethyleneglycol esters [SM(PEG)n, where n is 4, 6,
8, 12, 24] and p-nitrophenyl iodoacetate [NPIA], N-hy-
droxysuccinimidyl 2,3-dibromopropionate [SDBP].

Heterobifunctional crosslinking reagents useful in this
invention for conjugation of an amino acid, peptide or
protein with a phenylboronate compound include those
which contain a sulthydryl-reactive group, such as a
maleimide or a pyridyldithio group, and a hydrazide which
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reacts with a carbonyl (aldehyde or ketone). Such reagents
are particularly useful for linking a phenylboronate having
an aldehyde of ketone substituent with an amino acid,
peptide or protein having a sulthydryl group. In specific
embodiments,  4-(4-N-maleimidophenyl)butyric =~ acid
hydrazide HCl [MPBH], 4-(N-maleimidomethyl)cyclo-
hexane-1-carboxyl-hydrazide [M,C,H], and 3-(2-pyridyldi-
thio)propionyl hydrazide [PDPH] are such a heterobifunc-
tional crosslinking reagents.

Heterobifunctional crosslinking reagents useful in this
invention for conjugation of an amino acid, peptide or
protein with a phenylboronate compound include those
which contain a sulthydryl-reactive group, such as a
maleimide, and an isocyanate group for reaction with a
hydroxyl group. In a specific embodiment, N-(p-maleimi-
dophenyl)-isocyanate is such a heterobifunctional crosslink-
ing reagent.

Heterobifunctional crosslinking reagents also include
those which contain one of an amine-reactive, sulthydryl-
reactive, carboxylate-reactive or carbonyl-reactive group
and a photoreactive group which is activated on irradiation
to reactive with various reactive groups, including nucleo-
philes, reactive hydrogen, active hydrogen amines or olefins.
Such reagents are particularly useful for linking an amino
acid, peptide or protein having an amino group, sulthydryl
group, carboxylate group, or carbonyl group with a phenyl-
boronate compound which reacts with the activated photo-
reactive group.

Photoreactive groups include, among others, optionally
substituted aryl azides which are photolyzed to aryl nitrenes
or to dihydroazepine groups, diazo or diazopyruvate groups
which are photolyzed to reactive carbines, diazirines which
are photolyzed to reactive carbenes, and benzophenone
groups which are photolyzed to give a highly reactive
triplet-state ketone intermediate.

Aryl azides include, among others, phenyl azide groups,
fluorinated phenyl azide groups (e.g., tetrafluorophenyl
azide groups), hydroxyphenyl azide groups (e.g., ortho or
meta hydoxyphenylazide groups), nitrophenylazide groups,
or a 7-azido-4-methylcoumarin group. Aryl nitrenes can
undergo addition reactions with double bonds, and insertion
reactions into active hydrogen bonds (C—H or N—H
bonds).

Dehydroazepine intermediates react with nucleophiles by
nucleophilic addition, particularly with amines. The aryl
group of the aryl azide or the 7-member dehydroazepine ring
becomes part of the linker formed on crosslinking.

The triplet state intermediate formed on photolysis of
benzophenone reacts with reactive hydrogen containing
groups H—R' to form R—C(OH)(Ph),.

Carbenes formed on photolysis of diazo compounds can
insert into active C—H or N—H bonds or add to double
bonds. Carbenes formed on photolysis of diazopyruvate
groups rearrange to reactive ketenes which reactive with
nucleophiles, including amines.

Specific examples of such photoreactive heterobifunc-
tional crosslinking reagents include, among others, N-hy-
droysuccinimidyl-4-azidosalicyclic acid [NHS-ASA] or its
sulfo-NHS analog [sulfo-NHS-ASA], sulfosuccinimidyl-(4-
azidosalicylamino)hexanoate [sulfo-NHS-LC-ASA], sulfo-
succinimidyl-2-(7-azido-4-methylcoumarin-3-acetamide)
ethyl-1,3'-dithiopropionate [SAED], p-nitrophenyl
diazopyruvate [pNPDP], p-nitrophenyl-2-diazo-3,3,3-trif-
Iuoropropionate [PNP-DTP], 1(p-azidosalicylamido)-4-(io-
doacetamido)butane [ASIB], benzophenone-4-iodoacet-
amide, benzophenone-4-malemide, p-azidobenzoyl
hydrazide [ABH], and 4-(p-azidosalicylamido)butylamine
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[ASBA], N-(2-((2-((4-azido-2,3,5,6-tetrafluoro)benzoyl)
amino)ethyl)dithio)ethyl)-maleimide [TFPAM-SS1],

With respect to any specific homo- or heterobifunctional
crosslinking reagents noted above, it will be appreciated that
analog crosslinking reagents having different lengths of
linker moiety are also included herein. Homobifunctional
crosslinking reagents preferred for use in the present inven-
tion are amine-reactive or sulthydryl-reactive crosslinking
reagents. Heterobifunctional crosslinking reagents preferred
for use in the present invention are those that contain an
amine-reactive group and a sulthydryl-reactive group.

It will be appreciated by one of ordinary skill in the art
that the specific coupling or crosslinking methods described
herein can be readily adapted for use with any cargo
molecule.

The invention provides a method for improved delivery of
a cargo molecule, nucleic acid, peptide or protein to a cell
which comprises the step of contacting the cell or tissue
containing the cell with a peptide or protein boronated with
a phenylboronic acid. Any methods known in the art for
contacting a cell or tissue containing the cell can be
employed which will bring the boronated cargo molecule
into the vicinity of the cell or tissue. Contacting may occur
in vitro by addition of a solution containing the boronated
cargo molecule to a solution or medium containing or
supporting the cell or tissue. Contacting may occur in vivo
by any method known in the art for administration of a
solution or other composition containing the boronated
peptide or protein to an organism containing the cell or
tissue.

Any suitable form of administration can be employed in
the methods herein. The compounds of this invention can,
for example, be administered orally, topically, intravenously,
intraperitoneally, subcutaneously, or intramuscularly, in any
suitable dosage forms well known to those of ordinary skill
in the pharmaceutical arts. The boronated cargo molecules
are optionally administered with a pharmaceutical carrier
selected upon the basis of the chosen route of administration
and standard pharmaceutical practice, such as, for example,
as described in Remingtons Pharmaceutical Sciences, 17th
edition, ed. Alfonoso R. Gennaro, Mack Publishing Com-
pany, Easton, Pa. (1985), which is incorporated herein by
reference in its entirety for suitable administration and
carriers.

Cargo molecules include nucleic acids, peptides, proteins,
small molecule drugs, reporters and labeling (fluorescent
labels or isotopic labels for example), imaging agents,
contrast agents, particles carrying reactive functional
groups, quantum dots carrying reactive functional groups,
among others. In general any cargo molecule that is desired
to introduce into a cell can be employed in the methods of
this invention. Cargo molecules include those having a
biological activity. In specific embodiments, biological
activity of interest of the cargo molecule is retained on
boronation or is recovered on selective removal of borona-
tion after delivery to a cell. In a specific embodiment, the
boronated cargo molecule retains at least 10% of a selected
biological activity of the cargo molecule prior to boronation.
In other specific embodiments, the boronated cargo mol-
ecule retains at least 50% of a selected biological activity of
the cargo molecule prior to boronation. In a further specific
embodiment, the boronated cargo molecule retains at least
80% of the activity of the cargo molecule prior to borona-
tion.

In a specific embodiment, the cargo protein is an enzyme.
In a specific embodiment, the cargo protein is not glycosy-
lated (i.e., is not a glycoprotein). In a specific embodiment,
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the boronated cargo peptide or protein retains at least 10%
of a selected biological activity of the protein prior to
boronation. In other specific embodiments, the boronated
cargo peptide or protein retains at least 50% of a selected
biological activity of the protein prior to boronation. In a
further specific embodiment, the boronated cargo peptide or
protein retains at least 80% of the activity of the peptide or
protein prior to boronation. Peptides and proteins include
those having enzyme activity.

Cargo peptides include peptide ligands, cytotoxic pep-
tides, bioactive peptides, diagnostic agents, among others.
Cargo peptides include those having 2-1000 amino acids,
2-500 amino acids, 2-250 amino acids, 2-100 amino acids,
2-50 amino acids, and 2-25 amino acids and 2-10 amino
acids.

Peptides and proteins include antibodies and functional
fragments thereof, where the term antibody is used broadly
herein. More specifically, antibodies include among others,
monoclonal antibodies including humanized antibodies,
human antibodies, interspecies antibodies, chimeric antibod-
ies, human monoclonals, humanized monoclonals, interspe-
cies antibodies made by any art-known methods. Functional
fragments of antibodies include F(ab')2, F(ab)2, Fab', Fab,
Fv, among others, as well as hybrid fragments. Additionally,
antibodies include subfragments retaining the hypervariable,
antigen-binding region of an immunoglobulin and prefer-
ably having a size similar to or smaller than a Fab' fragment.
Such fragments and subfragments including single chain
fragments or multiple chain fragments, which incorporate an
antigen-binding site and exhibit antibody function, are
known in the art and can be prepared by methods that are
well-known in the art, including by methods of preparing
recombinant proteins. Antibodies and fragments thereof
include therapeutic antibodies which are known in the art
[42]. This reference is incorporated by reference herein in its
entirety for descriptions of therapeutic antibodies which can
be employed in the present invention.

In a specific embodiment, the cargo molecule is a nucleic
acid which may be RNA or DNA, or an analog of a nucleic
acid which may be a peptide nucleic acid, a locked nucleic
acid, or a phosphoradiamidate morpholino oligomer. Other
art-known nucleic acid analogs include carbamate-linked
DNA, phosphorothioate-linked DNA, 2'-O-methyl RNA,
phosphotriester-linked DNA or methylphosphonate-linked
DNA. The cargo nucleic acid can be single- or double-
stranded. The nucleic acid can be an oligonucleotide or
analog thereof having 2-100, 2-50 or 2-25 bases. The nucleic
acid can be SiRNa, microRNa, antisense oligonucleotides,
decoy DNA, plasmids or other nucleic acid structures such
as minicircles. Nucleic acids and analogs thereof are avail-
able from commercial sources, can be isolated from natural
source or can be prepared by methods that are well-known
in the art.

In a specific embodiment, the boronated cargo nucleic
acid retains at least 10% of a selected biological activity of
the nucleic acid prior to boronation. In other specific
embodiments, the boronated cargo nucleic acid retains at
least 50% of a selected biological activity of the nucleic acid
prior to boronation. In a further specific embodiment, the
boronated cargo nucleic acid retains at least 80% of the
activity of the nucleic acid prior to boronation. In a specific
embodiment, the biological activity of the nucleic acid that
is retained in binding to a complementary nucleic acid or
binding to another biological molecule (e.g., a peptide or
protein).
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Cargo nucleic acids include those having 2-1000 bases,
2-500 bases, 2-250 bases, 2-100 bases, 2-50 bases, and 2-25
bases and 2-10 bases. Nucleic acids include nucleosides and
analogs thereof.

In specific embodiments, cargo molecules of this inven-
tion include antibodies and various forms and fragments
thereof. In specific embodiments, cargo molecules include
transcription factors (proteins) which affect transcription of
DNA to messenger RNA and thus affect expression of one
or more genes. In specific embodiments, transcription fac-
tors include one or more DNA-binding domains. Transcrip-
tion factors include among others tumor suppressors. A
specific transcription factor of potential clinical interest is
FOXO3 which functions as a trigger for apoptosis (see: A
“FOXO” in sight: Targeting Foxo proteins from conception
to cancer. [43]. One or more boronation reagents of this
invention can be employed to boronate transcription factors,
including FOXO transcription factors, and more specifically
FOXO3 to facilitate cell uptake thereof. Employing the
reversible boronation reagents herein, boronates are
removed after cell uptake to facilitate entry into the cytosol
of the cell.

In specific embodiments, cargo molecules include pro-
teins that function as tumor suppressors. For example, cargo
molecules include PTEN which is a phosphatidylinositol-3,
4,5-trisphosphate 3-phosphatase (see: P Hopkins, et al. Sci-
ence 2013, 341, 399-402.) PTEN contains a tensin-like
domain as well as a phosphatase catalytic domain. PTEN
negatively regulates the Akt/PKB signaling pathway func-
tioning as a tumor suppressor. One or more boronation
reagents of this invention can be employed to boronate
PTEN to facilitate cell uptake thereof. Employing the revers-
ible boronation reagents herein, boronates are removed after
cell uptake to facilitate entry into the cytosol of the cell.

In a specific embodiment, the cargo molecule is SCRIB,
a scaffold protein which is involved in cell migration, cell
polarity and cell proliferation. [48] One or more boronation
reagents of this invention can be employed to boronate
SCRIB to facilitate cell uptake thereof. Employing the
reversible boronation reagents herein, boronates are
removed after cell uptake to facilitate entry into the cytosol
of the cell.

In specific embodiments exemplified herein boronation
reagents of this invention have been employed to derivatize
GFP (Green fluorescent protein) with 2 phenylboronate
groups to facilitate cellular uptake of the fluorescent protein.
The reagents herein can be employed with various fluores-
cent proteins that are known in the art to facilitate their
uptake into cells.

The present invention provides a method of reversibly
labeling cargo molecules having one or more or two or more
amino groups for cellular uptake with phenylboronate
groups wherein the phenyl boronate groups are removed
after cellular uptake to facilitate delivery of the cargo
molecules to the cytosol of the cell. In specific embodi-
ments, the method employs reagents of formulas VIIIA,
XIA or XA (and those of related formulas herein) to react
with amino groups on the cargo molecule. Preferably 2 or
more amino groups of the cargo molecule are reacted to
covalently attach phenylboronate groups, for example via
amide linkages. After boronation, the cargo molecule is
placed in contact with a cell or tissue and the boronated
cargo molecule is taken up into the cell. After uptake into the
cell, the phenylboronate groups are removed within the cell,
for example, by the action of cellular enzymes (e.g.,
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esterases), oxidation or by a change in pH in the cell.
Removal of phenylboronate groups facilitates delivery into
the cytosol.

An aliphatic group as used herein refers to a monovalent
non-aromatic hydrocarbon group which include straight
chain, branched, or cyclic hydrocarbon groups which can be
saturated or unsaturated with one or more double bonds or
one or more triple bonds. Aliphatic groups may contain
portions which are straight-chain or branched in combina-
tion with one or more carbon rings. Carbon rings of aliphatic
groups may contain one or more double bonds or one or
more triple bonds. Carbon rings of aliphatic groups can
contain 3- to 10-membered rings. Such carbon rings may be
fused and may be bicyclic or tricyclic. Aliphatic groups are
optionally substituted with one or more non-hydrogen sub-
stituents where optional substituents are described herein.
Unless otherwise specified, an aliphatic group can contain
1-20 carbon atoms or can contain 1-10 carbon atoms.
Aliphatic groups include those containing 1-3, 1-6, and 1-8
carbon atoms. Aliphatic groups include, among others, ali-
cyclic groups, alkyl groups, alkenyl groups and alkynyl
groups.

Heteroaliphatic groups refer generally to aliphatic groups
having 1 or more heteroatoms (other than C and H). Spe-
cifically heteroatoms of heteroaliphatic groups are selected
from N, P, B, O or S. In more specific embodiments,
heteroaliphatic groups contain one or more oxygens, nitro-
gen or sulfur atoms.

An alicylic group as used herein refers to a monovalent
non-aromatic cyclic hydrocarbon group which can be satu-
rated or unsaturated with one or more double bonds or one
or more triple bonds. Alicyclic rings include those contain-
ing 3- to 10-membered carbon rings. Alicyclic groups
include those containing one, two, three or more rings which
may be fused or linked by straight chain or branched
alkylene, alkenylene or alkynylene moieties. Alicyclic
groups include bicyclic and tricyclic rings. Alicyclic groups
include those in which one or more carbon rings are sub-
stituted with a straight-chain or branched alkyl, alkenyl or
alkynyl group. To satisfy valence requirements, a ring atom
may be substituted with hydrogen or optionally with non-
hydrogen substituents as described herein. One or more
carbons in an alicyclic group can be —CO— groups, i.e. a
carbon can be substituted with an oxo (—O) moiety. Alicy-
clic groups are optionally substituted with one or more
non-hydrogen substituents where optional substituents are
described herein. Unless otherwise specified, an alicyclic
group can contain 3-20 carbon atoms or can contain 3-12
carbon atoms. Alicyclic groups include those containing 3-6
and 3-8 carbon atoms. Alicyclic groups include among
others cycloalkyl, cycloalkenyl, cyclopropyl, cyclobutyl,
cyclopentyl, cyclopentadienyl, cyclohexyl, cyclohexenyl
and cyclohexadienyl groups, all of which are optionally
substituted.

A heterocyclic group as used herein refers to a monova-
lent non-aromatic cyclic hydrocarbon group wherein one or
more of the rings contain one or more heteroatoms (e.g., N,
S, O, or P) which rings can be saturated or unsaturated with
one or more double bonds or one or more triple bonds. In
specific embodiments of this invention, heterocyclic rings
which are substituents of the compounds of formulas 1A and
IB do not contain boron atoms. Heterocyclic rings include
those containing 3- to 10-membered rings where 1, 2 or 3 of
the ring members are heteroatoms. Heterocyclic groups
include those containing one, two, three or more rings which
may be fused or linked by straight chain or branched
alkylene, alkenylene or alkynylene moieties. Heterocyclic
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groups include bicyclic and tricyclic groups. Heterocyclic
groups include those in which a heterocyclic ring is substi-
tuted with a straight-chain or branched alkyl, alkenyl or
alkynyl group. To satisfy valence requirements, a ring atom
may be substituted with hydrogen or optionally with non-
hydrogen substituents as described herein. One or more
carbons in a heterocyclic group can be —CO— groups. One
or more carbons in a heterocyclic ring can be —CO-groups.
Heterocyclic groups are optionally substituted with one or
more non-hydrogen substituents where optional substituents
are described herein. Ring carbons and, where chemically
feasible, ring heteroatoms are optionally substituted. Unless
otherwise specified, a heterocyclic group can contain 3-20
carbon atoms, can contain 3-12 carbon atoms or can contain
3-6 carbon atoms. Heterocyclic groups include those con-
taining one or two 4-, 5- or 6-member rings at least one of
which has one, two or three N, O or S atoms and wherein a
ring optionally has one or two double bonds. Heterocyclic
groups include those containing a single 5- or 6-member
ring having one, two or three N, O or S atoms and optionally
having one or two double bonds. Heterocyclic groups
include those having 5- and 6-member rings with one or two
nitrogens and one or two double bonds. Heterocyclic groups
include those having 5- and 6-member rings with an oxygen
or a sulfur and one or two double bonds. Heterocyclic
groups include those having 5- or 6-member rings and two
different heteroatom, e.g., N and O, O and S or N and S.
Heterocyclic groups include those having 5- or 6-member
rings and a single heteroatom, e.g., N S or O. In specific
embodiments, heterocyclic groups do not include any boron
atoms. Specific heterocyclic groups include among others
among others, pyrrolidinyl, piperidyl, piperazinyl, pyrrolyl,
pyrrolinyl, furyl, thienyl, morpholinyl, oxazolyl, oxazolinyl,
oxazolidinyl, indolyl, triazoly, and triazinyl groups, all of
which are optionally substituted.

In embodiments herein alicyclic or heterocyclic rings can
be formed between certain substitution sites on the mol-
ecules of formulas IA or IB. Such rings include the atom(s)
of or between the sites of substitution and are defined with
respect to the optional presence of heteroatoms, the optional
presence of —CO— moieties and the optional presence of
double bonds as are alicylic and heterocyclic groups. Unless
otherwise specified such rings can contain 5-10-member
rings and more preferably contain 5- to 8-member rings and
more preferably 5- or 6-member rings. Ring atoms are
optionally substituted as described herein.

Aryl groups are monovalent groups containing at least
one aromatic ring. Aryl groups include groups having one or
more 5- or 6-member aromatic rings. Aryl groups can
contain one, two or three, 6-member aromatic rings. Aryl
groups can contain two or more fused aromatic rings. Aryl
groups can contain two or three fused aromatic rings. Aryl
groups may contain one or more non-aromatic alicyclic
rings in addition to an aromatic ring. Aryl groups are
optionally substituted with one or more non-hydrogen sub-
stituents as described herein. Substituted aryl groups include
among others those which are substituted with alkyl or
alkenyl groups, which groups in turn can be optionally
substituted. Specific aryl groups include phenyl groups,
biphenyl groups, and naphthyl groups, all of which are
optionally substituted as described herein. In a specific
embodiment, aryl groups are not substituted with a boron-
containing substituent, e.g., —B(OH), or a —CH,—B—
O— moiety. Substituted aryl groups include fully haloge-
nated or semihalogenated aryl groups, such as aryl groups
having one or more hydrogens replaced with one or more
fluorine atoms, chlorine atoms, bromine atoms and/or iodine
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atoms. Substituted aryl groups include fully fluorinated or
semifluorinated aryl groups, such as aryl groups having one
or more hydrogens replaced with one or more fluorine
atoms. Unless otherwise specified, an aryl group can contain
5-20 carbon atoms or can contain 6-14 carbon atoms. Aryl
groups also include those containing 6-12 carbon atoms.

Heteroaryl groups are monovalent groups having one or
more aromatic rings in which at least one ring contains a
heteroatom (a non-carbon ring atom). Heteroaryl groups
include those having one or two heteroaromatic rings car-
rying 1, 2 or 3 heteroatoms and optionally having one
6-member aromatic ring. Heteroaryl groups can contain
5-20, 5-12 or 5-10 ring atoms. Heteroaryl groups include
those having at least one aromatic ring containing a het-
eroatom and one or two alicyclic, heterocyclic or aryl ring
groups. Heteroaryl groups include those having one aro-
matic ring containing a heteroatom and one aromatic ring
containing carbon ring atoms. Heteroaryl groups include
those having one or more 5- or 6-member aromatic het-
eroaromatic rings and one or more 6-member carbon aro-
matic rings. Heteroaromatic rings can include one or more
N, O, or S atoms in the ring. Heteroaromatic rings can
include those with one, two or three N, those with one or two
O, and those with one or two S, or combinations of one or
two or three N, O or S. Specific heteroaryl groups include
pyridinyl, pyrazinyl, pyrimidinyl, quinolinyl, and purinyl
groups. In specific embodiment, heteroaromatic rings that
are substituents on compounds of formulas IA or IB do not
contain B atoms.

In embodiments herein aryl or heteroaryl rings can be
formed between certain substitution sites on the molecules
of formulas 1A or IB. Such rings include the atom(s) of or
between the sites of substitution and are defined with respect
to the optional presence of heteroatoms. Unless otherwise
specified such rings can contain 5- or 6-member rings and
ring atoms are optionally substituted as defined herein.

Alkyl groups are monovalent groups and include straight-
chain, branched and cyclic alkyl groups. Unless otherwise
indicated alkyl groups include those having from 1 to 20
carbon atoms. Alkyl groups include alkyl groups having 1 to
3 carbon atoms, alkyl groups having from 4-7 carbon atoms
and alkyl groups having 8 or more carbon atoms. Cyclic
alkyl groups include those having one or more rings. Cyclic
alkyl groups include those which have 1, 2 or 3 rings. Cyclic
alkyl groups also include those having 3-10 carbon atoms.
Cyclic alkyl groups include those having a 3-, 4-, 5-, 6-, 7-,
8-, 9- or 10-member carbon ring and particularly those
having a 3-, 4-, 5-, 6-, 7-, or 8-member ring. The carbon
rings in cyclic alkyl groups can also carry straight-chain or
branched alkyl group substituents. Cyclic alkyl groups can
include bicyclic and tricyclic alkyl groups. Alkyl groups are
optionally substituted with one or more non-hydrogen sub-
stituents as described herein. Specific alkyl groups include
methyl, ethyl, n-propyl, iso-propyl, cyclopropyl, n-butyl,
s-butyl, t-butyl, cyclobutyl, n-pentyl, branched-pentyl,
cyclopentyl, n-hexyl, branched hexyl, cyclohexyl, decalinyl,
and norbornyl, all of which are optionally substituted. Sub-
stituted alkyl groups include fully halogenated or semiha-
logenated alkyl groups, such as alkyl groups having one or
more hydrogens replaced with one or more fluorine atoms,
chlorine atoms, bromine atoms and/or iodine atoms. Sub-
stituted alkyl groups include fully fluorinated or semifiuo-
rinated alkyl groups. Substituted alkyl group include alkyl
group substituted with one or more hydroxyl groups. Sub-
stituted alkyl groups include groups substituted with two or
more hydroxyl groups, particularly where two hydroxyl
groups are substituted on adjacent carbon atoms.
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Arylalkyl groups are monovalent alkyl groups substituted
with one or more aryl groups wherein the alkyl groups
optionally carry additional substituents and the aryl groups
are optionally substituted. Specific arylakyl groups are phe-
nyl-substituted alkyl groups, e.g., benzyl groups or phen-
ethyl groups which are optionally substituted. Heteroarylal-
kyl groups are monovalent alkyl groups substituted with one
or more heteroaryl groups wherein the alkyl groups option-
ally carry additional substituents and the aryl groups are
optionally substituted. Alkylaryl groups are monovalent aryl
groups substituted with one or more alkyl groups wherein
the alkyl groups optionally carry additional substituents and
the aryl groups are further optionally substituted. Specific
alkylaryl groups are alkyl-substituted phenyl groups such as
0-, m- or p-tolyl groups which are optionally substituted.
Alkylheteroaryl groups are monovalent alkyl groups substi-
tuted with one or more heteroaryl groups wherein the alkyl
groups optionally carry additional substituents and the het-
eroaryl groups are optionally substituted.

Alkenyl groups include monovalent straight-chain,
branched and cyclic alkenyl groups which contain one or
more carbon-carbon double bonds. Unless otherwise indi-
cated alkenyl groups include those having from 2 to 20
carbon atoms. Alkenyl groups include those having 2 to 4
carbon atoms and those having from 5-8 carbon atoms.
Cyclic alkenyl groups include those having one or more
rings wherein at least one ring contains a double bond.
Cyclic alkenyl groups include those which have 1, 2 or 3
rings wherein at least one ring contains a double bond.
Cyclic alkenyl groups also include those having 3-10 carbon
atoms. Cyclic alkenyl groups include those having a 5-, 6-,
7-, 8-, 9- or 10-member carbon ring and particularly those
having a 5- or 6-member ring. The carbon rings in cyclic
alkenyl groups can also carry straight-chain or branched
alkyl or alkenyl group substituents. Cyclic alkenyl groups
can include bicyclic and tricyclic alkyl groups wherein at
least one ring contains a double bond. Alkenyl groups are
optionally substituted with one or more non-hydrogen sub-
stituents as described herein. Specific alkenyl groups include
ethylene, propenyl, cyclopropenyl, butenyl, cyclobutenyl,
pentenyl, pentadienyl, cyclopentenyl, cyclopentadienyl,
hexylenyl, hexadienyl, cyclohexenyl, cyclohexadienyl,
including all isomers thereof and all of which are optionally
substituted. Substituted alkenyl groups include fully halo-
genated or semihalogenated alkenyl groups.

Alkynyl groups include mono-valent straight-chain,
branched and cyclic alkynyl group which contain one or
more carbon-carbon triple bonds. Unless otherwise indi-
cated alkynyl groups include those having from 2 to 20
carbon atoms. Alkynyl groups include those having 2 to 4
carbon atoms and those having from 5-8 carbon atoms.
Cyclic alkynyl groups include those having one or more
rings wherein at least one ring contains a triple bond. Cyclic
alkynyl groups include those which have 1, 2 or 3 rings
wherein at least one ring contains a triple bond. Cyclic
alkynyl groups also include those having 3-10 carbon atoms.
Cyclic alkynyl groups include those having a 5-, 6-, 7-, 8-,
9- or 10-member carbon ring and particularly those having
a 5- or 6-member ring.

The carbon rings in cyclic alkynyl groups can also carry
straight-chain or branched alkyl, alkenyl or alkynyl group
substituents. Cyclic alkynyl groups can include bicyclic and
tricyclic alkyl groups wherein at least one ring contains a
triple bond. Alkynyl groups are optionally substituted with
one or more non-hydrogen substituents as described herein.

An alkoxy group is an alkyl group (including cycloalkyl),

as broadly discussed above, linked to oxygen, a monovalent
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—O-alkyl group. An aryloxy group is an aryl group, as
discussed above, linked to an oxygen, a monovalent —O-
aryl. A heteroaryloxy group is a heteroaryl group as dis-
cussed above linked to an oxygen, a monovalent —O-
heteroaryl. Alkenoxy, alkynoxy, alicycloxy, heterocycloxy
groups are analogously defined. All of such groups are
optionally substituted.

The number of carbon atoms in a given group, such as an
alkyl group, can be indicated herein using the expression
“Cm” where m is the number of carbon atoms. Thus, the
expression “Cm1-Cm2” modifying a given chemical group
indicates that the group can contain from m1 to m2 carbon
atoms. For example, a C1-C6 alkyl group contains 1 to 6
carbon atoms, exclusive of carbons in any substituent on the
alkyl group. Similar expressions can be used to indicate the
number of atoms of N (nitrogen), O (oxygen) or other
elements in a given group.

As to any of the above groups which contain one or more
substituents, it is understood, that such groups do not contain
any substitution or substitution patterns which are sterically
impractical and/or synthetically non-feasible. In addition,
the compounds of this invention include all stereochemical
isomers arising from the substitution of these compounds.

Phenylboronate compounds and boronated oligopeptides
of the invention may be in the form of salts. Preferred salts
are those that are biologically acceptable for ultimate appli-
cations of boronated peptides and proteins and which do not
substantially detrimentally affect the effectiveness and prop-
erties of the free bases or free acids, and which are not
biologically or otherwise undesirable. Salts may be prepared
from addition of an organic or inorganic base to the free acid
or addition of an organic or inorganic acid to the free base.

Exemplary salts of free bases are formed with inorganic
acids such as hydrochloric acid, hydrobromic acid, sulfuric
acid, nitric acid, phosphoric acid and the like, preferably
hydrochloric acid, and organic acids such as acetic acid,
propionic acid, glycolic acid, pyruvic acid, oxylic acid,
maleic acid, malonic acid, succinic acid, fumaric acid,
tartaric acid, citric acid, lactic acid, benzoic acid, cinnamic
acid, mandelic acid, methanesulfonic acid, ethanesulfonic
acid, p-toluenesulfonic acid, salicylic acid, trifluoroacetic
acid, N-acetylcysteine and the like.

Exemplary salts of free acids are formed with inorganic
base include, but are not limited to, alkali metal salts (e.g.,
Li+, Na+, K+), alkaline earth metal salts (e.g., Ca2+, Mg2+),
non-toxic heavy metal salts and ammonium (NH,+) and
substituted ammonium (N(R")4+ salts, where R' is hydrogen,
alkyl, or substituted alkyl, i.e., including, methyl, ethyl, or
hydroxyethyl, specifically, trimethyl ammonium, triethyl
ammonium, and triethanol ammonium salts), salts of cat-
ionic forms of lysine, arginine, N-ethylpiperidine, piperi-
dine, and the like. Compounds of the invention can also be
present in the form of zwitterions.

The term kit refers to kits for enhancement of cellular
delivery and to kits for boronating cargo molecules, particu-
larly cargo molecules which are nucleic acids, peptides or
proteins. In one embodiment, kits of this invention include
one or more of the phenylboronate compounds of the present
invention or mixtures thereof and optionally reagents for
ligating, conjugating or reacting the phenylboronate com-
pound with a cargo molecule, e.g., a nucleic acid, peptide or
protein to effect boronation of the cargo molecule. In another
embodiment, kits of this invention include one or more
boronated oligopeptides of this invention and optionally
reagents, such as one or more homo- or heterobifunctional
crosslinking reagents, for ligating or conjugating the boro-
nated oligopeptide to a cargo molecule to effect boronation
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of the cargo molecule. In yet another embodiment, kits of
this invention may contain one or more protected boronated
amino acids and optionally one or more non-boronated
amino acids suitable for carrying out solid phase peptide
synthesis of a boronated peptide including a boronated
oligopeptide. In this embodiment, kits may also contain
resin for carrying out solid phase peptide synthesis as well
as reagents, solvents and other components needed for or
useful for carrying out solid phase peptide synthesis.

Additionally such kits for synthesis of boronated oligo-
peptides optionally contain one or more reagents, such one
or more coupling reagents, or one or more homo- or het-
erobifunctional crosslinking reagents, for conjugation of the
phenylboronate or boronated oligopeptide to a peptide or
protein to effect boronation of the peptide or protein. Kits of
the invention may also contain reagents for labeling of cargo
molecules including reagents for labeling nucleic acids,
peptides and proteins in addition to boronation of cargo
molecules. Kits for enhancing cellular uptake of a cargo
molecule may further contain one or more cargo molecules
which are to be boronated for delivery to cells. Cargo
molecules may further contain structural portions including
cell penetrating peptides or targeting peptides, such as
nuclear localization signals (such as are known in the art).
Such kits may additionally comprise cells and cell growth
media.

Kits of the invention may comprise a carrier being com-
partmentalized to receive in close confinement one or more
containers, such as vials, test tubes, ampules, bottles and the
like. Each of such container means comprises components
or a mixture of components needed to perform the indicated
boronation, solid phase synthesis of boronated oligopeptide,
or enhancement of cellular uptake. The kits of the invention
may further comprise one or more additional components
(e.g., reagents and/or compounds) necessary or desirable for
carrying out one or more particular applications of the
compositions of the present invention. In general kits may
also contain one or more buffers, control samples, carriers or
recipients, vessels for carrying out one or more reactions,
vessels for containing cells and the like, one or more
additional compositions of the invention, one or more sets of
instructions, and the like.

Bovine pancreatic ribonuclease (RNase A) is a small,
well-characterized enzyme that has been the object of much
seminal work in protein chemistry. [9] If this ribonuclease
can gain access to the RNA that resides in the cytosol, then
its prodigious catalytic activity can lead to cell death. [10]
Hence, RNase A can serve as an ideal model for assessing
the delivery of a protein into the cytosol (rather than an
endosome) because success can be discerned with assays of
cytotoxic activity.

Initially, the affinity of simple phenylboronic acids to
certain saccharides (e.g., D-fructose, D-glucose and
NeuSAc) was assessed. Sialic acid is of particular interest
because of its abundance in the glycocalyx of cancerous
cells. [11] Phenylboronic acid (PBA) binds with higher
affinity to sialic acid than to other pyranose saccharides [12]
suggesting that simple boronic acids could target chemo-
therapeutic agents selectively to tumors. Benzoboroxole
(2-hydroxymethylphenylboronic acid) has the highest
reported affinity for pyranose saccharides [12-13] which are
abundant in the glycocalyx. 'H NMR spectroscopy was used
to evaluate the affinity of PBA and benzoboroxole for
fructose, glucose, and N-acetylneuraminic acid (NeuSAc),
which contains a sialic acid moiety, under physiological
conditions. The Ka values determined (Table 1) are in
gratifying agreement with values determined by other work-
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ers using alternative assays. [12a,12c,13] Both benzoborox-
ole and PBA have greater affinity for NeuSAc than for
glucose and benzoboroxole has greater affinity than PBA for
each saccharide in the panel studied.

Initial studies of boronation of RNase employed benzo-
boroxole. To display benzoboroxole moieties on RNase A,
S-amino 2-hydroxymethylphenylboronic acid (1) was con-
jugated to protein carboxyl groups of the protein by con-
densation using a carbodiimide (Scheme 1). Of the 11
carboxyl groups of RNase A, 7.5+2.0 were condensed with
boronate 1, as determined by mass spectrometry.

As an initial test of the affinity of boronated protein
(boronated RNAse A) for oligosaccharides. The retention of
boronated and unmodified RNase A on a column of heparin,
a common physiological polysaccharide, was compared.
Benzoboroxole-boronated RNase A was indeed retained
longer on the column (FIG. 2). The prolonged retention is
believed due to boron-saccharide complexation. Addition of
fructose in the elution buffer (0.10M fructose) diminished
the retention of boronated RNAse A. This result is consistent
with boron-saccharide complex formation indicating that
fructose competes with immobilized heparin for boron com-
plexation. To evaluate the enhanced affinity of boronated
RNase A for oligosaccharides, its affinity for ganglioside
GD3 within a 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) liposome was measured. This ganglioside has two
sialic acid residues and is overexpressed on the surface of
cancer cells. [15] By using fluorescence polarization to
analyze binding, it was demonstrated that boronation
increased the affinity of the protein for the ganglioside, an
effect that was abrogated by fructose (FIG. 3). The Kd value
of boronated protein for GD3 ganglioside liposomes was
(54+11) uM. This affinity is ~440 fold greater than that for
the binding of a single benzoboroxole to NeuSAc (Table 1),
consistent with a multivalent interaction between the boro-
nated protein and the ganglioside.

To quantify cellular internalization, fluorophore-labeled
protein and flow cytometry was used. To determine concur-
rently if the pendant boronates elicited selectivity for cells
with higher quantities of cell-surface sialic acid, two lines of
Chinese hamster ovary cells were compared. Lec-2 cells
have lower levels of sialic acid in their glycocalyx than their
progenitor line, Pro 5. [16] Boronation of RNase A increased
cellular uptake in both cell lines by 4- to 5-fold (FIG. 4A).
This enhancement in cell uptake was eliminated by addition
of fructose. Cell-surface sialic acid-content was not
observed to affect uptake significantly. Confocal microscopy
of boronated protein demonstrated punctate staining (FIG.
4B), which is consistent with uptake by endocytosis follow-
ing complexation with cell-surface saccharides.

Although flow cytometry can quantify protein internal-
ization into a cell, it does not differentiate between proteins
in endosomes versus those in the cytosol. Delivery into the
cytosol is important for the efficacy of numerous putative
chemotherapeutic agents.

Boronated RNase A retained (17+2)% of its ribonucle-
olytic activity. [17] Accordingly, boronated RNase A has the
potential to be cytotoxic, if it can enter the cytosol. Boro-
nated RNase A inhibited the proliferation of a line of human
erythroleukemia cells (K-562; FIG. 5). The addition of
fructose diminished cytotoxic activity, presumably by
decreasing overall internalization. In contrast, chemically
inactivated, boronated RNase A was much less cytotoxic,
indicating that ribonucleolytic activity induced toxicity, not
the pendant boronates. These results show that boronation
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not only facilitates cellular uptake of an enzyme, but also
allows for its delivery to the cytosol and the maintenance of
its catalytic activity.

Boronates have attributes that make them attractive as
mediators of drug delivery. First, endosomes become more
acidic as they mature. In synergy, the affinity of boronates
for saccharides decreases with decreasing pH [12a]. More-
over, the ensuing loss of complexation causes boronates to
become more hydrophobic. [18] These attributes are
believed to facilitate translocation of proteins with pendant
boronates to the cytosol. Second, boronates are not cationic
[19], averting the non-specific Coulombic interactions elic-
ited by cationic domains [2], which can lead to high rates of
glomerular filtration and opsonization. [20] Finally, numer-
ous diseases are associated with changes in cell-surface
glycosylation[11, 21]. Thus, boronic acids with specificity
for particular glycans can serve as the basis for targeted
delivery strategies. [22]

All references throughout this application, for example
patent documents including issued or granted patents or
equivalents; patent application publications; and non-patent
literature documents or other source material; are hereby
incorporated by reference herein in their entireties, as though
individually incorporated by reference.

All patents and publications mentioned in the specifica-
tion are indicative of the levels of skill of those skilled in the
art to which the invention pertains. References cited herein
are incorporated by reference herein in their entirety to
indicate the state of the art, in some cases as of their filing
date, and it is intended that this information can be employed
herein, if needed, to exclude (for example, to disclaim)
specific embodiments that are in the prior art. For example,
when a compound is claimed, it should be understood that
compounds known in the prior art, including certain com-
pounds disclosed in the references disclosed herein (particu-
larly in referenced patent documents), are not intended to be
included in the claim.

When a group of substituents is disclosed herein, it is
understood that all individual members of those groups and
all subgroups, including any isomers and enantiomers of the
group members, and classes of compounds that can be
formed using the substituents are disclosed separately. When
a compound is claimed, it should be understood that com-
pounds known in the art including the compounds disclosed
in the references disclosed herein are not intended to be
included. When a Markush group or other grouping is used
herein, all individual members of the group and all combi-
nations and subcombinations possible of the group are
intended to be individually included in the disclosure.

Every formulation or combination of components
described or exemplified can be used to practice the inven-
tion, unless otherwise stated. Specific names of compounds
are intended to be exemplary, as it is known that one of
ordinary skill in the art can name the same compounds
differently. When a compound is described herein such that
a particular isomer or enantiomer of the compound is not
specified, for example, in a formula or in a chemical name,
that description is intended to include each isomer, e.g., cis
and trans isomers, and each enantiomer or diastereomer of
the compound described individual or in any combination.

Compounds of the invention, and salts thereof, may exist
in their tautomeric form, in which hydrogen atoms are
transposed to other parts of the molecules and the chemical
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bonds between the atoms of the molecules are consequently
rearranged. It should be understood that all tautomeric
forms, that may exist, are included within the invention.

The processes for preparation of the compounds herein
can use mixtures of isomers, racemates, enantiomers, or
diastereomers as starting materials and may result in mix-
tures of isomers, enantiomers or diastereomers. If desired
such mixtures can be separated by conventional methods,
for example, by various chromatographic methods or frac-
tional crystallization. Compounds of the invention may be in
the free or hydrate form.

One of ordinary skill in the art will appreciate that
methods, device elements, starting materials, and synthetic
methods other than those specifically exemplified can be
employed in the practice of the invention without resort to
undue experimentation. All art-known functional equiva-
lents, of any such methods, device elements, starting mate-
rials, and synthetic methods are intended to be included in
this invention. Whenever a range is given in the specifica-
tion, for example, a temperature range, a time range, or a
composition range, all intermediate ranges and subranges, as
well as all individual values included in the ranges given are
intended to be included in the disclosure.

As used herein, “comprising” is synonymous with
“including,” “containing,” or “characterized by,” and is
inclusive or open-ended and does not exclude additional,
unrecited elements or method steps. As used herein, “con-
sisting of” excludes any element, step, or ingredient not
specified in the claim element. As used herein, “consisting
essentially of” does not exclude materials or steps that do not
materially affect the basic and novel characteristics of the
claim. In boronation methods herein the term consisting
essentially of excludes any component not required for
successful boronation. In methods of enhancing cellular
uptake, the term consisting essentially of excludes any
component not required for successful enhancement of
uptake of a given peptide or protein. Any recitation herein of
the term “comprising”, particularly in a description of com-
ponents of a composition or in a description of elements of
a device, is understood to encompass those compositions
and methods consisting essentially of and consisting of the
recited components or elements. The invention illustratively
described herein suitably may be practiced in the absence of
any element or elements, limitation or limitations which is
not specifically disclosed herein.

Without wishing to be bound by any particular theory,
there can be discussion herein of beliefs or understandings
of underlying principles relating to the invention. It is
recognized that regardless of the ultimate correctness of any
mechanistic explanation or hypothesis, an embodiment of
the invention can nonetheless be operative and useful.

The terms and expressions which have been employed are
used as terms of description and not of limitation, and there
is no intention in the use of such terms and expressions of
excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that
various modifications are possible within the scope of the
invention claimed. Thus, it should be understood that
although the present invention has been specifically dis-
closed by preferred embodiments and optional features,
modification and variation of the concepts herein disclosed
may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the
scope of this invention as defined by the appended claims.
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THE EXAMPLES

Example 1: Material and Methods

Materials:

N-Acetylneuraminic acid was from Carbosynth (Berk-
shire, UK). Phenylboronic acid, 2-hydroxymethylphenylbo-
ronic acid, and S5-amino-2-hydroxymethylphenylboronic
acid were from Combi-Blocks (San Diego, Calif.).
BODIPY® FL, STP ester was from Molecular Probes (Eu-
gene, Oreg.). [methyl-3H|Thymidine (6.7 Ci/mmol) was
from Perkin-Elmer (Boston, Mass.). N-(3-Dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride (EDC) and
wild-type RNase A (Type III-A) were from Sigma-Aldrich
(St. Louis, Mo.) and used without further purification.
Ribonuclease substrate 6-FAM-dArUdAdA-6-TAMRA was
from Integrated DNA Technologies (Coralville, lowa).
Bovine Serum Albumin (BSA) was from Thermo Scientific
(Rockfield, II1.). Lysozyme, from chicken egg white (Sigma
L.6876) was from Sigma-Aldrich (St. Louis, Mo.) and used
without further purification. Biotinylated peptide was pur-
chased and custom synthesized from Biomatik (Cambridge,
Ontario, Canada). NeutrAvidin, Fluorescein conjugated
(Thermo 31006) was from Pierce Protein Research Prod-
ucts, Thermo Scientific (Rockford, I11.). GD3 Ganglioside
(bovine milk; ammonium salt), 1,2 dioleoyl-sn-glycero-3-
phosphocholine (DOPC), and an extruder were from Avanti
Polar Lipids (Alabaster, Ala.). 16S- and 23S-Ribosomal
(rRNA) from E. coli MRE600 was from Roche Applied
Science (Mannheim, Germany).

ES buffer was from Sigma-Aldrich and purified by anion-
exchange chromatography to remove trace amounts of oli-
gomeric vinylsulfonic acid. [49]

Spectra/Por® dialysis bags (3500 MWCO) were from
Fisher Scientific (Thermo Fisher Scientific, Walham, Mass.).
Escherichia coli BL21(DE3) cells were from Novagen
(Madison, Wis.). Heparin HP column protein purification
and analytical columns were from GE Biosciences (Piscat-
away, N.J.). Non-binding surface (NBS) 96-well plates were
from Corning (Corning, N.Y.). Terrific Broth (TB) was from
Research Products International Corp (Mt. Prospect, IlL.).
SDS-PAGE gels were from Bio-Rad Laboratories (Hercules,
Calif.).

Cell culture medium and supplements were from Invit-
rogen (Carlsbad, Calif.). Phosphate-buffered saline was
either Dulbecco’s PBS (DPBS) from Invitrogen or the same
solution made in the laboratory (PBS), containing (in 1.0 L):
02 g KCl, 02 g KH,PO,, 8 g NaCl, and 2.16 g
Na,HPO,.7H,O at pH 7.4. All other chemicals used were of
commercial reagent grade or better, and were used without
further purification.

Instrumentation and Statistics

'H NMR spectra were acquired at the National Magnetic
Resonance Facility at Madison at 298 K on an Avance III
500 MHz spectrometer with a TCI 500 H—C/N-D cryo-
genic probe from Bruker AXS (Madison, Wis., ‘H, 500
MHz). Protein absorbance values were measured on a Varian
Cary 50 UV-Vis Spectrometer (Agilent Technologies, Santa
Clara, Calif.) and/or a NanoVue spectrometer (GE Health-
care, Piscataway, N.J.). Confocal microscopy was carried
out using an Eclipse C1 laser scanning confocal microscope
from Nikon (Melville, N.Y.). Flow cytometry was done
using a LSRII (BD Biosciences, San Jose, Calif.) at the
University of Wisconsin-Madison Carbone Cancer Center
Flow Cytometry Facility. The mass of proteins (RNase A,
lysozyme, etc.), protein-conjugates, peptides and boronated
peptides were confirmed at the University of Wisconsin-
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Madison Biophysics Instrumentation Facility by matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry with a Voyager-DE-PRO
Biospectrometry Workstation from Applied Biosystems
(Foster City, Calif.). [methyl->H]Thymidine incorporation
into K-562 genomic DNA was quantified by scintillation
counting using a Microbeta TrilLux liquid scintillation and
luminescence counter from Perkin-Elmer. Fluorescence
measurements were made with an infinite M1000 plate
reader from Tecan (Méannedorf, Switzerland). Calculations
for statistical significance were performed with GraphPad
Prism version 5.02 software from GraphPad Software (La
Jolla, Calif.), and a value of p<0.05 was considered to be
significant.

Example 2: Determination of K, Values by 'H
NMR Spectroscopy

Methodology to determine the values of K, for boronic
acids and saccharides was adapted from work by Hall and
coworkers. [13a, 13b]

A boronic acid (B) and a saccharide (S) were assumed to
bind in one modality, B-S:

B+S=21B-5
B3]
K= 1]

The [B-S)/[B] ratio was determined by the integration of
aryl protons of the boronic acid.saccharide complex and the
free boronic acid. The individual [B], [B-S], and [S] can be
calculated from eq. 1-3.

[8-51+[B] = [Br] eq- 1
B5), | _ 1)
[B] [B]
[Br]
18]~ 57 -
[B]
[B-S] . eq. 2
[B-S]= W[B], where [B] is calculated from eg. 1
[B-ST+[51=I[57]
(51 = [ - [B-51, e 3

where — [B-S] is calculated from eq 2

Each value of K, arose from at least two independent
experiments with freshly prepared solutions, and each
experiment consisted of a titration with 6-9 different con-
centrations.

All NMR spectra were analyzed with Topspin 3.0 soft-
ware from Bruker AXS. NMR experiments were done in a
0.10 M NaH,PO, buffer, pH 7.4, containing D,O (2% v/v).
'H NMR experiments consisted of the first increment of a
2D NOSY with gradients for improved water suppression.

A. Representative Procedure for Making a Phenylboronic
Acid Solution NaH,PO, (3.0 g, 25 mmol) and PBA (phe-
nylboronic acid, 458 mg, 3.75 mmol) were dissolved in
distilled, deionized water in a volumetric flask (~200 mL
H,0, 5 mL D,0). The pH was adjusted carefully to 7.4 using
10 M NaOH, and additional water was added for a final
volume of 250 mL. Final solutions were 15 mM in the

58
boronic acid (PBA=solution 1; benzoboroxole=solution 2)
in 0.10 M sodium phosphate monobasic buffer, pH 7.4,
containing D,O (2% v/v).

w

HO OH HO
N, ~Np—0
10
PBA Benzoboroxole
15
Determination of the Value of K, for PBA and Fructose
CH,OH OH
20 0
OH,
CH,OH
OH
25 D-fructose

To a 25-mL volumetric flask, D-fructose (674 mg, 3.75

30 mmol) and ~20 mL of solution 1 was added. The solution
was adjusted carefully to pH 7.4 by the addition of 10 M
NaOH. (The volume of added NaOH was used in the
calculation of the boronic acid concentration.) The volume
was then increased to 25 ml by adding solution 1. This
procedure resulted in a pH 7.4 solution of PBA (15 mM),
D-fructose (150 mM), NaH,PO, (0.10 M), and D,O (2%
v/v) (solution A). Mixing various volumes of solution 1 and
solution A generated fructose concentrations in the range of
4-14 mM. The [B-S]/[B] ratio was determined for every
concentration as follows.

Representative Procedure for Determining the Chemical
Shifts of Aryl Protons in Bound and Free Boronic Acids

A 'H-NMR spectra of solution 1 (FIG. 13A) and solution
A (FIG. 13B) were acquired. The two spectra were overlaid
to determine which peaks belonged to the bound boronic
acid and free boronic acid (FIG. 13C). This analysis was
used to interpret the spectra from the titrations with sugars
(FIG. 13D).

Determination of the Value of K, for Benzoboroxole and
Fructose

To a 25-mL volumetric flask, D-fructose (674 mg, 3.75
mmol) and ~20 mL of solution 2 was added. The solution
was adjusted carefully to pH 7.4 by the addition of 10 M
NaOH. (The volume of added NaOH was used in the
calculation of the boronic acid concentration.) The volume
was then increased to 25 ml by adding solution 2. This
60 procedure resulted in a pH 7.4 solution of benzoboroxazole
(15 mM), D-fructose (150 mM), NaH,PO, (0.10 M), and
D,O (2% v/v) (solution B). Mixing various volumes of
solution 2 and solution B generated fructose concentrations
in the range of 4-14 mM. The [B-S]/[B] ratio was determined
as depicted in FIG. 14. A value for K, was calculated for
every concentration as described above.
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Determination of the Value of K, for PBA and Glucose

CH,OH
o}
HO
HO OH
OH
D-glucose

To a 25-mL volumetric flask, D-glucose (2.25 g, 12.5
mmol) and ~20 mL of solution 1 was added. The solution
was adjusted carefully to pH 7.4 by the addition of 10 M
NaOH. (The volume of added NaOH was used in the
calculation of the boronic acid concentration.) The volume
was then increased to 25 ml by adding solution 1. This
procedure resulted in pH 7.4 solution of PBA (15 mM),
D-glucose (500 mM), 0.1 M NaH,PO, (0.10 M), and D,O
(2% v/v) (solution C). Mixing various volumes of solution
1 and solution C generated glucose concentrations in the
range of 20-70 mM. The [B-S]/[B] ratio was determined as
depicted in FIG. 15. A value for K, was calculated for every
concentration as described above.

Determination of the Value of K, for Benzoboroxole and
Glucose

To a 25-mL volumetric flask, D-glucose (2.25 g, 12.5
mmol) and ~20 mL of solution 2 was added. The solution
was adjusted carefully to pH 7.4 by the addition of 10 M
NaOH. (The volume of added NaOH was used in the
calculation of the boronic acid concentration.) The volume
was then increased to 25 ml by adding solution 2. This
procedure resulted in a pH 7.4 solution of benzoboroxazole
(15 mM), D-glucose (500 mM), NaH,PO, (0.10 M), and
D,O (2% v/v) (solution D). Mixing various volumes of
solution 2 and solution D generated glucose concentrations
in the range of 20-70 mM. The [B-S]/[B] ratio was deter-
mined as depicted in FIG. 16. Note the broadening of the
aryl protons, which had been reported for NMR spectra of
boronic acids in the presence of pyranose sugars. [13b] A
value for K, was calculated for every concentration as
described above.

Determination of the Value of K, for PBA and Neu5Ac

CH,OH
OH
H OH
H (¢]
AcHN COH
HO ydf
NeuSAc
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To a 10-mL volumetric flask, NeuSAc (1.53 g, 5.0 mmol)
and ~20 mL of solution 1 was added. The solution was
adjusted carefully to pH 7.4 by the addition of 10 M NaOH.
(The volume of added NaOH was used in the calculation of
the boronic acid concentration.) The volume was then
increased to 25 ml by adding solution 1. This procedure
resulted in a pH 7.4 solution of PBA (14.2 mM), NeuSAc
(500 mM), NaH,PO, (0.10 M), and D,O (2% v/v) (solution
E). Mixing various volumes of solution 1 and solution E,
generated NeuSAc concentrations in the range of 7-65 mM.
The [B-S)/[B] ratio was determined as depicted in FIG. 17.
A value for K, was calculated for every concentration as
described above.

Determination of the Value of K, for Benzoboroxole and
NeuSAc

To a 10-mL volumetric flask, NeuSAc (1.56 g, 5.0 mM)
and ~20 mL of solution 2 was added. The solution was
adjusted carefully to pH 7.4 by the addition of 10 M NaOH.
(The volume of added NaOH was used in the calculation of
the boronic acid concentration.) The volume was then
increased to 25 ml by adding solution 2. This procedure
resulted in a pH 7.4 solution of benzoboroxazole (14.2 mM),
NeuSAc (500 mM), NaH,PO, (0.10 M), and D,O (2% v/v)
(solution F). Mixing various volumes of solution 2 and
solution F generated NeuSAc concentrations in the range of
7-65 mM. The K, value was calculated for every concen-
tration as previously described. The [B-S]/[B] ratio was
determined as illustrated in FIGS. 18 and 19. Apparent in the
'H NMR spectrum of NeuSAc (FIG. 18) is a small peak that
overlapped with the aromatic regions of the boronic acids.
This peak was subtracted out of all NMR spectra used to
evaluate the interaction of benzoboroxazole and NeuSAc.
Unlike similar experiments with fructose and glucose, the
single isolated proton of the complexed species (7.33 ppm)
was too broad to integrate accurately, and the entire region
was used instead. A value for K, was calculated for every
concentration as described above.

Table 1 summaries K, data measured as described above
with comparison to literature values. Measured K, values
are in agreement with those measured by others employing
alternative assays. Both PBA and benzoboroxole were found
to have greater affinity for NeuSAc than for glucose. Ben-
zoboroxole was found to have greater affinity than PBA for
each saccharide measured.

TABLE 1

Values of K, (M~ for boronic acids and saccharides

Boronic D- D-
Acid fructose  glucose NeuSAc Method Ref.
PBA 128 =20 5=1 131 'H NMR in H,O containing This
D,0 (2% v/v) [a] work
160 4.6 21 Competition with alizarin red S [b]
[a]
79 0 — 'H NMR in D,0 (100% v/v) [a] [c]
— — 11.6 £ 1.9 B NMR in H,0/D,0/MeOH  [d]
mixture
Benzo- 336 £43 28 £4 43+5 'HNMR in H,O containing This
boroxole D,0 (2% v/v) [a] work
606 17 — 'H NMR in D,O (100% v/v) [a] [c]
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TABLE 1-continued

62

Values of K, (M) for boronic acids and saccharide

Boronic D- D-
Acid fructose  glucose NeuSAc Method Ref.
— 31 — Competition with alizarin red S [e]

[a]

[a] Values were determined in 0.10M sodium phosphate buffer, pH 7.4;

[b] G. Springsteen, B. Wang, Tetrahedron 2002, 58, 5291-5300;

[c] M. Dowlut, G. Dennis, J. Am. Chem. Soc. 2006, 128, 4226-4227,;

[d] K. Djanashvili, L. Frullano, J. A. Peters, Chem. Eur. J. 2005, 11, 4010-4018;
[e] M. Bérubé, M. Dowlut, D. G. Hall, J. Org. Chem. 2008, 73, 6471-6479.

Example 3: Conjugation of
5-Amino-2-Hydroxymethylphenylboronic Acid to
RNase A Generating Benzoboroxole-Boronated
RNase A

To display benzoboroxole moieties on RNase A, 5-amino-
2-hydroxymethyl-phenylboronic acid (1) was conjugated to
protein carboxyl groups by condensation using a carbodi-
imide:

RNase A EDC
(CO-H)y; H,O,pH 5.0
24h
+ —_—
HO,
N
B—0
HN

HO,
O /@
RNase A’ N
| H ¢

(COM) 11

Also see Scheme 1 (FIG. 1A). As noted below of the 11
carboxyl groups of RNase A, on average 5.7+1.6 were
condensed with benzoboroxole as determined by mass spec-
trometry.

5-Amino-2-hydroxymethylphenylboronic acid (1, 320
mg, 1.70 mmol) was added to 30 mL of distilled, deionized
H,0, and the resulting solution was adjusted to pH 5.0 with
NaOH. To this solution was added RNase A (200 mg, 15
umol), followed by EDC (640 mg, 3.30 mmol), and the pH
was adjusted again to 5.0 with NaOH. The reaction mixture
was incubated at ambient temperature overnight on a nutat-
ing mixer by BD (Franklin Lakes, N.J.). Additional EDC
(360 mg, 1.9 mmol) was added, and the solution was
incubated at the same conditions for 3.5 h (24 h total). The
solution was then subjected to centrifugation (5 min at 1000
rpm, and 5 min at 5000 rpm) to remove insoluble boronic
acid, and dialyzed (3500 molecular weight cutoff) against
distilled, deionized H,O for 3 d at 4° C., with daily water
exchanges. The solution was then passed through a 0.45-um
filter and loaded onto a 5-mL. HiTrap Heparin HP column. To
prepare a high-salt buffer, NaCl (58.4 g, 1.00 mol) was
added to 100 mL of a 10x stock solution of PBS. This
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solution was diluted with distilled, deionized H,O to a final
volume of 1 [, and adjusted to pH 7.4, making a buffer of
PBS plus an additional 1 M NaCl. The column was washed
with 75 mL of PBS buffer, and protein was eluted with a
linear gradient of 225 mL of additional NaCl (0.0-1.0 M) in
PBS buffer. Fractions were collected, pooled, concentrated,
stored at 4° C., and analyzed by MALDI-TOF mass spec-
trometry.

The mass spectrum between 13-16 kDa was fitted to a
Gaussian curve with Graph Pad Prism version 5.02 software
to determine the average mass (see FIG. 20). Specifically,
the mean molecular mass determined for the conjugated
RNase A (14,664 Da) was subtracted from the observed
molecular mass of unmodified RNase A (13,682 Da) to give
982 Da. This value was divided by the molecular mass of
5-amino-2-hydroxymethylphenylboronic acid corrected for
the loss of water during conjugation (185.42 Da-18.02
Da=167.40 Da) to give 5.9+1.6 phenylboronic acids conju-
gated to RNase A, where SD=1.6 arises from the SD of the
Gaussian fit, 265.2 Da, divided by 167.42 Da.

Example 4: Conjugation of 3-Amino-Phenylboronic
Acid to RNase A Generating PBA-Boronated
RNase A

PBA boronated RNase A was synthesized similarly to
benzoboroxole-boronated RNase A as described in Example
3.

RNase A
ase EDC
(CO-H)y; H,O, pH 5.0
overnight
+ - .
HO\ /OH
B
HN
2
HO\ /OH
B
e}
RNase A N
H n
(CO )10
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To 30 mL of double deionized H,O was added 3-aminophe-
nylboronic acid (2, 118 mg, 0.9 mmol) and the pH of the
solution was adjusted to 5.0 with NaOH. To this solution
RNase A (100 mg, 7 pmol) was added, followed by EDC
(320 mg, 1.7 mmol), and the pH was re-adjusted to 5.0 with
NaOH. Reaction was incubated at ambient temperature
overnight on a nutating mixer. The solution was then cen-
trifuged briefly (5 min at 1 k rpm, 5 min at 5 k rpm) to
remove insoluble boronic acid and dialyzed (3500 MWCO)
against double deionized H,O for 3 d at 4° C., with daily
water exchanges. Proteins were loaded onto a 1 mL HiTrap
Heparin HP column. To prepare a high-salt buffer, NaCl
(58.4 g, 1.00 mol) was added to 100 mL of a 10x stock
solution of PBS. This solution was diluted with distilled,
deionized H,O to a final volume of 1 L, and adjusted to pH
7.4, making a buffer of PBS plus an additional 1 M NaCl.
The column was washed with 30 mL of PBS buffer, and
protein was eluted with a linear gradient of 90 ml of
additional NaCl (0.0-1.0 M) in PBS buffer. Fractions were
collected, pooled, and analyzed by MALDI-TOF mass spec-
trometry.

The mass spectrum between 13-16 kDa was fitted to a
Gaussian curve with Graph Pad Prism version 5.02 software
to determine the average mass as described above. Unmodi-
fied RNase A control: measured mass 13,657+285.16 Da,
expected mass 13,682 Da, therefore, the correction fac-
tor=13,682-13,657=25 Da. PBA RNase A: measured mass
14,285£269.7 Da; adding correction factor=gives correct
mass of 14,285+425=14,310 Da. Subtracting unmodified
RNase mass from corrected mass of conjugate gives
14,310-13,682=628 Da. Each PBA conjugation is 118.79
Da, so on average 5.3+2.3 PBA are conjugated to RNase A.

Example 4: Preparation of Inactivated,
Benzoboroxole-Boronated RNase A

RNase A was inactivated by treatment with 2-bromoacetic
acid. RNase A (38 mg, 2.8 umol) was dissolved in 575.5 pul.
of 0.10 M sodium acetate buffer, pH 4.9. In a separate
solution, 2-bromoacetic acid (123 mg, 883 umol) was dis-
solved in 9.2 mL of 0.10 M sodium acetate buffer. The
resulting solutions were adjusted to pH 5.2. An aliquot (288
ul) of the 2-bromoacetic acid solution was added to the
RNase A solution to generate a final concentration of 32 mM
2-bromoacetic acid and 3.2 mM RNase A. The reaction
mixture was incubated at ambient temperature for 24 hon a
nutating mixer, after which the reaction was dialyzed over-
night against distilled, deionized H,O.

The inactivated RNase A was then loaded onto a Mono S
HR 16/10 cation exchange FPL.C column from Pharmacia.
The column was washed with a 40-mL linear gradient of
NaCl (0.00-0.05 M) in 10 mM sodium phosphate buffer, pH
6.0, and eluted with a 603-mL linear gradient of NaCl
(0.05-0.40 M) in 10 mM sodium phosphate buffer, pH 6.0.
Fractions were collected, pooled, and dialyzed overnight at
4° C. against 50 mM sodium acetate buffer, pH 5. Inacti-
vated RNase A was then loaded onto a 5-mI. HiTrap Heparin
HP column. The column was washed with 10 mL of 50 mM
sodium acetate buffer, pH 5.0, and eluted with a 200-mL
linear gradient of NaCl (0.0-0.4 M) in 50 mM sodium
acetate buffer, pH 5.0. Fractions were collected, and ana-
lyzed by MALDI-TOF mass spectrometry. Fractions with
molecular mass greater than that of unmodified RNase A
were pooled and dialyzed extensively with distilled, deion-
ized H,O at 4° C.

5-Amino-2-hydroxymethylphenylboronic acid (1) was
then conjugated to the inactivated RNase A as described
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above. Briefly, to 0.5 mL of chemically inactivated RNase A
(6 mg, 400 nmol) was added 5-amino-2-hydroxymethylphe-
nylboronic acid (10 mg, 50 umol), and adjusted to pH 5.
EDC was then added (19 mg, 100 pmol), and the resulting
solution was adjusted to pH 5. The reaction mixture was
incubated at ambient temperature for 20.5 h on a nutating
mixer before adding additional EDC (11 mg, 56 pmol), and
then incubated for an additional 3.5 h. Inactivated, benzo-
boroxole-boronated RNase A was dialyzed against distilled,
deionized H,O and purified on a 1-mL HiTrap Heparin HP
column as described for benzoboroxole-boronated RNase A.

Example 5: Preparation of BODIPY FL-Labeled
Ribonucleases

A. Unmodified and benzoboroxole-conjugated RNase A
were labeled with BODIPY FL. An aliquot (3.83 mL) of a
solution of ribonuclease (120 uM) was adjusted to pH 8.3.
BODIPY FL STP ester (5 mg; 9 umol) was dissolved in 0.5
mL of DMF. To the solution of ribonuclease was added 125
ul of the BODIPY FL STP ester solution. The reaction
mixture was incubated at ambient temperature on a nutating
mixer for 4-6 h, and then incubated at 4° C. on a nutating
mixer overnight. Labeled ribonuclease was loaded onto a
1-mL HiTrap Heparin HP column. The column was washed
with 30 mL of 10 mM sodium phosphate buffer, pH 6.0. The
protein was eluted with a 60-mL linear gradient of NaCl
(0.0-1.0 M) and pH (6.0-7.4) in 10 mM sodium phosphate
buffer, pH 7.4. Fractions were collected, pooled, concen-
trated, and analyzed by SDS-PAGE and MALDI-TOF mass
spectrometry.

Labeled ribonucleases were dissolved in at least a 10x
volume of DPBS, passed through a 0.45-um syringe filter
from Whatman (Piscataway, N.J.), and re-concentrated
before being used in assays. In this manner, the proteins
were dissolved in solution that was largely DPBS.

Concentrations of proteins were determined by UV spec-
troscopy using the extinction coefficient of RNase A at 278
nm (e=0.72 (mg-mL™")"*-cm™). [54] The absorbance of
benzoboroxole was found to be negligible, contributing <5%
to the A, ., of the boronated ribonuclease. The concen-
tration of labeled ribonucleases was corrected for fluoro-
phore absorbance by using the manufacturer’s protocol
(http://tools.invitrogen.com/content/sfs/manuals/
mp00143.pdf). Percent labeling was determined by UV
spectrometry at 504 nm using the extinction coefficient of
BODIPY FL (e=68,000 M~'-cm™) as per the manufactur-
er’s protocol. The boronated-RNase A conjugate achieved
30% labeling, whereas RNase A achieved 89% labeling.

B. Unmodified and PBA-boronated RNase A were labeled
with BODIPY FL similar to unmodified and benzoboroxole-
boronated RNase A described above. An aliquot (20 mL) of
a solution of a fraction of PBA-boronated RNase A (fraction
3) and unmodified ribonuclease (45 pM) was adjusted to pH
8.8. BODIPY-FL STP ester (5 mg; 9 umol) was dissolved in
0.5 mL of DMF. To the solutions of ribonuclease was added
250 uL. of the BODIPY FL STP ester solution. PBS was
added to the solution for a total volume of 50 mL. The
reaction mixture was incubated at ambient temperature on a
nutating mixer for approximately 2 h, and then dialyzed
against PBS at 4° C. overnight. Labeled ribonuclease was
loaded onto a 1-mL HiTrap Heparin HP column. The column
was washed with 30 mL of 10 mM sodium phosphate buffer,
pH 7.4. The protein was eluted with a 60-mL linear gradient
01 0.0-1.0 M NaCl in 10 mM sodium phosphate buffer, pH
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7.4. Fractions were collected, pooled, concentrated, and
analyzed by SDS-PAGE and MALDI-TOF mass spectrom-
etry.

Concentrations of proteins were determined by UV spec-
trometry using the extinction coefficient of RNase A at 278
nm (e=0.72 (mg'ml-1)-1 cm~1) [54]. The concentration of
labeled ribonucleases was corrected for fluorophore absor-
bance by using the manufacturer protocol (web site: tools.in-
vitrogen.com/content/sfs/manuals/mp00143.pdf).  Percent
labeling was determined by UV spectrometry at 504 nm
using the extinction coefficient of BODIPY FL (e=68,000
M-1-cm-1) as per the manufacturer’s protocol. Boronated
RNase A achieved 30% labeling and RNase A achieved
59%.

Example 6: Heparin-Affinity Assays

To assess the affinity of boronated proteins for oligosac-
charides the retention of boronated proteins compared to
unmodified protein can be measured on a heparin column.

For example, the affinity of unmodified and benzoborox-
ole-boronated RNase A for heparin was assessed by reten-
tion on a 1.0-mL HiTrap Heparin HP column (GE Health-
care, Piscataway, N.J.). Unmodified and benzoboroxole-
boronated RNase A were mixed in a 1:1 ratio (2.0 mg each)
in DPBS, and the resulting solution was loaded onto the
column. The column was washed with 5 mL of PBS,
followed by elution with 45 mL of a linear gradient of NaCl
(0.0-1.0 M) in PBS. Elution was monitored by absorbance at
280 nm, and eluted proteins were identified by mass spec-
trometry. FIG. 2 illustrates an elution profile of a mixture of
unmodified RNase A and benzoboroxole-boronated RNase
A from a column of immobilized heparin (solid lines). A
small amount of unmodified RNase A was apparent in peak
B (FIG. 2). It is currently believed that benzoboroxole-
boronated RNase A was able to complex to a small amount
of unmodified RNase A and extend its elution time. The
same assay was then repeated with 100 mM fructose in both
buffers (FIG. 2, dashed line). To make fructose-supple-
mented buffers, fructose (18 g, 100 mmol) was added to 100
mL of a 10x stock solution of PBS, either no additional NaCl
or NaCl (58.4 g, 1.00 mol) was added, and both buffers were
diluted to a final volume of 1 L and adjusted to pH 7.4.

As shown in FIG. 2, benzoboroxole-boronated RNase A
was indeed retained longer on the column. Addition of
fructose in the buffer employed was shown to compete with
immobilized heparin for boron complexation diminishing
retention of benzoboroxole-boronated RNase A and indicat-
ing that prolonged retention of benzoboroxole-boronated
RNase A was due to boron-saccharide complexation.

Example 7: Assessing the Affinity of
Benzoboroxole-Boronated-RNase A for GD3
Ganglioside-Labeled Liposomes Employing
Fluorescence Polarization Assays

To evaluate the enhanced affinity of benzoboroxole-bo-
ronated RNase A for oligosaccharides, its affinity for gan-
glioside GD3 within a 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC) liposome was measured. This ganglioside
has two sialic acid residues and is overexpressed on the
surface of cancer cells. [15] By using fluorescence polar-
ization to analyze binding, it was demonstrated that boro-
nation increased the affinity of the protein for the ganglio-
side, an effect that was abrogated by fructose (FIG. 3). The
K, value of benzoboroxole-boronated protein for GD3 gan-
glioside liposomes was (54x11) uM. This affinity is ~430
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fold greater than that for the binding of a single benzoborox-
ole to NeuSAc (Table 1), consistent with a multivalent
interaction between the benzoboroxole-boronated protein
and the ganglioside.

Liposomes were formed by transferring DOPC (dissolved
in chloroform solution) and GD3 gangliosides (dissolved in
63:35:5 chloroform/methanol/water) to glass tubes and dry-
ing them under Ar (g) and then under vacuum. Lipids were
re-suspended in 25 mM HEPES buffer, pH 7.0, containing
NaCl (75 mM). The solution of lipids was mixed by vor-
texing for 2 min, and incubated at 37° C. for 1 h. For DOPC
liposomes, DOPC was resuspended at a concentration of 5
mM. For GD3 ganglioside-labeled liposomes, DOPC and
GD3 gangliosides were mixed at 3 mM and 2 mM concen-
trations, respectively. Large unilammelar vesicles were
formed by extrusion through a 0.1-um polycarbonate filter
from Whatman (GE Healthcare, Piscataway, N.J.). This
process produces a population of vesicles of near uniform
size (~100-150 nm diameter as measured by dynamic light
scattering). A portion of the DOPC lipids before extrusion
were aliquoted as a control.

Fluorescence polarization assays were performed using
50 nM BODIPY FL-labeled unmodified and benzoboroxole-
boronated RNase A in black NBS 96-well plates (Corning
Costar, Lowell, Mass.). These ribonucleases were incubated
with DOPC liposomes (625 uM total lipid) or GD3 ganglio-
side-labeled liposomes (375 uM DOPC, 250 uM GD3
ganglioside=625 uM total lipid) in 25 mM HEPES buffer,
pH 7.0, containing NaCl (75 mM) in the absence or presence
of fructose (10 mM). In control wells, ribonucleases were
incubated with non-extruded DOPC lipids. Fluorescence
polarization at 470/535 nm with a G-factor of 1.257 was
recorded after shaking the plate briefly and incubating at
ambient temperature for 1 h. Control well polarization was
subtracted from experimental well polarization for each
ribonuclease. The assay was performed in triplicate.

The affinity of benzoboroxole-boronated RNase A for
GD3 ganglioside-labeled liposomes was assessed by using
serially diluted liposomes. GD3 ganglioside-labeled lipo-
somes were serially diluted in 25 mM HEPES, pH 7.0,
containing 75 mM with dilutions of 62.5 nM-1250 uM total
lipid. Because the composition of these liposomes was 3:2
DOPC/GD3 ganglioside, this dilution resulted in a solution
containing D3 ganglioside at 25 nM-500 uM. Control DOPC
liposomes (with no GD3 ganglioside) were likewise diluted
in the same buffer, producing solutions of 62.5 nM-1250 uM
total lipid. Liposomes were then incubated with 50 nM
BODIPY FL-labeled benzoboroxole-boronated RNase A in
the same buffer in a black NBS 96-well plate. Fluorescence
polarization was recorded after shaking the plate briefly and
incubating at ambient temperature for 35 min. Fluorescence
polarization from GD3 ganglioside-labeled liposomes was
subtracted from that from DOPC-only liposomes, thereby
correcting for binding to DOPC and for changes in solution
viscosity. The assay was performed in duplicate. The frac-
tion of labeled ribonuclease bound for each sample well was
calculated by dividing its polarization from the polarization
of ribonucleases incubated with the highest concentration of
GD3 ganglioside (set at 100% bound). The value of K ; was
calculated by plotting the fraction bound against the con-
centration of GD3 ganglioside (see FIG. 21) and fitting the
data to a binding isotherm as described in ref. [46] to give
Kd=(54%11) uM.

Example 8: Cellular Internalization RNase
Conjugates

To quantify cellular internalization, Fluorophore-labeled
protein and flow cytometry were used to quantify cellular
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internalization of boronated protein. To determine concur-
rently if the pendant boronates elicited selectivity for cells
with higher quantities of cell-surface sialic acid, a line of
Chinese hamster ovary cells (Lec-2) was used. These cells
have lower levels of sialic acid in their glycocalyx, than their
progenitor line (Pro 5). [16]. As shown in FIG. 4A borona-
tion of RNase A with benzoboroxole increased its cellular
uptake by 4- to 5-fold in both cell lines tested. As shown in
FIG. 4C boronation of RNase A with PBA increased its
cellular uptake by 2.5-3 fold in both cell lines tested. In both
cases, this enhancement was eliminated by addition of
fructose.

Cell-surface sialic acid-content (comparing Pro-5 to
Lec-2 cells) was not observed to affect uptake significantly.
This result is consistent with the modest increase observed
in the K, value for benzoboroxole with sialic acid versus
glucose (Table 1).

Confocal microscopy of boronated protein (benzoborox-
ole-boronated RNase) demonstrated punctate staining (FIG.
4B), which is consistent with uptake by endocytosis follow-
ing complexation with cell-surface saccharides.

A. Cell Culture

Cell lines were obtained from American Type Culture
Collection (Manassas, Va.) and were maintained according
to the recommended procedures. Cells were grown in a cell
culture incubator at 37° C. under CO, (5% v/v) in flat-
bottomed culture flasks. Cell medium was supplemented
with GIBCO fetal bovine serum (FBS) (10% v/v), penicillin
(100 units/mL.), and streptomycin (100 pg/mL) in the appro-
priate cellular medium as follows: Pro-5, MEM a+ribo-
nucleosides+deoxyribonucleosides; Lec-2, MEM a-ribo-
nucleosides-deoxyribonucleosides; and K562, RPMI 1640.
Cells were counted by hemocytometry for dispensing into
12-well plates (Corning Costar, Lowell, Mass.) or 8-well
chambered coverglass slides (Nuc Lab-Tek II, Thermo Sci-
entific).

B. Flow Cytometry Assays

BODIPY-FL was excited with a 488 nm solid-state laser
and the emission was collected with a 530/30 bandpass filter.
To collect the most reproducible data, for every flow cytom-
etry experiment, the sensitivity (voltage) of the photomul-
tiplier tube was set for all data collections using mid-range
Rainbow beads from Spherotech (Lake Forest, I1l.) to a
predetermined fluorescence target value. At least 10,000
cellular events were acquired for each sample. Data were
analyzed using FlowJo 8.1.3 (Treestar, Ashland, Oreg.).

The day prior to an experiment, Pro-5 and Lec-2 cells
were plated in 12-well plates at 1x10° cells/well. The day of
the experiment, the appropriate amount of fructose was
dissolved into the cellular medium to obtain a final fructose
concentration of 250 mM, and the medium was passed
through a 0.45-um syringe filter from Whatman (Piscataway,
N.J.). Non-fructose-containing medium was filtered like-
wise. Stock solutions of fluorescently labeled ribonucleases
were diluted into the cell culture to a final concentration of
5 uM. Ribonucleases were incubated with cells for 4 h. Cells
were then rinsed with PBS (2x400 uL)), removed from the
cell culture plate with trypsin (400 pl, 0.05% (1x) with
EDTA; Invitrogen, Carlsbad, Calif.), placed in flow cytom-
etry tubes containing 80 ul. of FBS, and incubated on ice
until analyzed by flow cytometry. Final fluorescence values
were divided by the percent fluorophore labeling of the
ribonuclease to determine the corrected value of fluores-
cence. Experiments were run twice in triplicate unless
otherwise indicated. Data is illustrated in FIG. 4A and FIG.
4C.
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C. Confocal Microscopy

Pro-5 cells were plated on Nunc Lab-tek II 8-well cham-
bered coverglass 24 h before use and grown to 80% con-
fluency. Cells were incubated with 5 pM BODIPY FL-
labeled ribonucleases for 4 h. Cell nuclei were stained with
Hoechst 33342 (Invitrogen, 2 pg/ml.) for the final 15 min of
incubation. Cells were then washed twice with PBS, sus-
pended in PBS, and examined using a Nikon Eclipse C1
laser scanning confocal microscope. Results are illustrated
in FIG. 4B.

Example 9: Assessing Cytosol Delivery

Although flow cytometry can quantify protein internal-
ization into a cell, it does not differentiate between proteins
in endosomes versus those in the cytosol. Delivery into the
cytosol is important for the efficacy of numerous putative
chemotherapeutic agents. Boronated RNase A retained ribo-
nucleolytic activity (17+£2% for benzoboroxole-boronated
RNase A.) The activity loss is believed attributable, at least
in part, to the modification of the carboxyl group of aspartic
acid 121 on reaction with the boronic acid. Aspartic acid 121
is known to contribute to RNAse A activity (L. W. Schultz,
D. J. Quirk, R. T. Raines, Biochemistry 1998, 37, 8886-
8898). Boronated RNase A thus has the potential to be
cytotoxic, if it can enter the cytosol.

Benzoboroxole-boronated RNase A was found to inhibit
the proliferation of a line of human erythroleukemia cells
(K-562; FIG. 5). The addition of fructose diminished cyto-
toxic activity, presumably by decreasing overall internaliza-
tion of boronated RNase A. In contrast, chemically inacti-
vated, benzoboroxole-boronated RNase A was much less
cytotoxic, indicating that ribonucleolytic activity induced
toxicity, not the pendant boronates. Boronation not only
facilitates cellular uptake of an enzyme, but also allows for
its delivery to the cytosol and the maintenance of its catalytic
activity.

A. Ribonucleolytic Activity Assays

The ribonucleolytic activities of RNase A, boronated
RNase A, and boronated inactive RNase A were determined
by quantifying their ability to cleave 6-FAM-dArUdAdA-
6-TAMRA, as described in [50]. Assays were carried out at
ambient temperature in 2 m[ of 0.10 M MES-NaOH buffer,
pH 6.0, containing NaCl (0.10 M). Fluorescence data were
fitted to the equation: k., /K,~(AI/AD/(I~1,)[E], in which
Al/At is the initial reaction velocity, I, is the fluorescence
intensity before addition of ribonuclease, 1. is the fluores-
cence intensity after complete substrate hydrolysis, and [E]
is the total ribonuclease concentration. The assay was per-
formed in triplicate.

B. Cell-Proliferation Assays

The effect of unmodified and boronated RNase A on the
proliferation of K-562 cells was assayed as described in For
assays, 5 ulL of a solution of the ribonuclease or PBS
(control) was added to 95 uL of cells (5.0x10* cells/mL). For
co-treatment assays with fructose, ribonucleases were first
serially diluted at 2x concentration, followed by addition of
an equal volume of 2 M fructose in PBS to each ribonuclease
dilution, resulting in a 1x ribonuclease [51] dilution as
before but now containing 1 M fructose. Then, 5 pL. of each
dilution was added to cells as above, including a control of
PBS containing 1 M fructose. Because 5 pulL of samples were
added to 95 uL of cells, the final concentration of fructose in
each well was 50 mM.

After a 44-h incubation, K-562 cells were treated with
[methyl-*H]thymidine for 4 h, and the incorporation of
radioactive thymidine into cellular DNA was quantitated by
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liquid scintillation counting. The results are shown as the
percentage of [methyl->H]thymidine incorporated relative to
control cells treated with PBS in FIG. 5. Data are the average
of three measurements for each concentration, and the entire
experiment was repeated in triplicate. Values for IC,, were
calculated by fitting the curves by nonlinear regression to the
equation:

=100%/(1410UegdCs0-log [ribonucteaseley

in which y is the total DNA synthesis following the [methyl-
*H]thymidine pulse and h is the slope of the curve.

Example 10: Boronation of Lysozyme

Boronated lysozyme was synthesized similarly to boro-
nated RNase A as described in Example 3. For the synthesis
of the benzoboroxole-boronated lysozyme, 5-amino-2-hy-
droxymethylphenylboronic acid (1, 160 mg, 0.9 mmol) was
added to 20 mL of double deionized H,O and the pH of the
solutions were adjusted to 5.0 with NaOH. To the solution
was added lysozyme (from chicken egg white, 20 mg, 1.4
umol), followed by EDC (320 mg, 1.7 mmol), and the pH
was re-adjusted to 5 with NaOH. PBA-boronated lysozyme
was analogously synthesized employing 3-aminophenybo-
ronic acid (2, 160 mg, 1.2 mmol). Reactions were incubated
at ambient temperature overnight on a nutating mixer. The
reaction solutions were then centrifuged briefly (5 min at 1
k rpm, 5 min at 5 k rpm) to remove insoluble boronic acid
and dialyzed (3500 MWCO) against double deionized H,O
for 3 d at 4° C., with daily water exchanges.

Proteins were loaded onto a 1 mL HiTrap Heparin HP
column. The column was washed with 20 mL of 10 mM
sodium phosphate buffer, pH 7.4. Protein was eluted with a
10 mL linear gradient of 0.0-1.5 M NaCl in 10 mM sodium
phosphate buffer, pH 7.4. Fractions were collected, pooled,
and analyzed by MALDI-TOF mass spectrometry. The mass
spectrum between 13-16 kDa was fitted to a Gaussian curve
with Graph Pad Prism version 5.02 software to determine
the average mass and calculate the number of boronates
conjugated/lysozyme.

Lysozyme control: 14,260+£52 Da, expected 14,307 Da
(from Sigma Aldrich website of similar protein with refer-
ence to Canfield, R. E., J. Biol. Chem., 238, 2698-2707
(1963)). Therefore, the correction factor=14,307 Da-14,260
Da=47 Da. For PBA-boronated lysozyme, the measured
mass was 14,568+199 Da+47 Da (correction factor)=14,
615199 Da. Mass due to conjugated PBA is then 308 Da
and the mass of each PBA is 118.79 Da. On average, 2.6£1.7
PBA are conjugated to the lysozyme. For benzoboroxole-
conjugated lysozyme a similar calculation, using measured
corrected mass for benzoboroxole-conjugated lysozyme of
14,700+£187 Da, and mass/benzoboroxole conjugation of
167.4 Da, gives on average 2.3x1.1 benzoboroxole conju-
gated per lysozyme.

BODIPY FL-labeled lysozyme and BODIPY FL-labeled
boronated lysozyme were synthesized similarly to BODIPY
FL-labeled RNase A and boronated RNase A as described in
Example 5. Lysozyme, PBA-boronated lysozyme, and ben-
zoboroxole-boronated lysozyme were diluted with 0.1 M
sodium bicarbonate buffer (pH 8.3) to 3 mg/mL in 550 pL.
total (1.65 mg, 115 nmol). To this was added 25 pl, of 5
mg/mlL BODIPY FL, STP ester dissolved in 0.1 M sodium
bicarbonate buffer (pH 8.3) (0.125 mg, 231 nmol, 2x). An
additional 575 pLL of 0.1 M sodium bicarbonate buffer (pH
8.3) was added. The reaction was incubated at ambient
temperature for about 2 h on a nutating mixer. Labeled
proteins were then loaded onto a 1 ml. HiTrap Heparin HP
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column. The column was washed with 20 mL of 10 mM
sodium phosphate buffer (pH 7.4). Protein was eluted with
a 40 mL linear gradient 0 0.0-1.5 M NaCl in 10 mM sodium
phosphate buffer (pH 7.4). Fractions were collected, and
those with the most fluorescence at 501/522 nm were pooled
and concentrated. Note that in a SDS-PAGE gel, there was
a small molecular weight fluorescent contaminant in the
BODIPY-labeled unmodified lysozyme control, but that
=250% of the labeled product was at the correct molecular
weight.

Concentrations of lysozyme and lysozyme conjugates
were estimated by UV spectrometry at 280 nm using the
extinction coefficient of lysozyme at 281.5 nm (e=26.4 (1%
w/v)~ ecm™) (Aune, K. C. and Tanford, C. Thermodynamics
of the Denaturation of Lysozyme by Guanidine Hydrochlo-
ride. 1. Dependence on pH at 25° C. Biochemistry 1969, 8,
4579-4585). The concentration of labeled lysozymes were
corrected for BODIPY FL absorbance following the manu-
facturer’s protocol (which can be found at http://tools.invit-
rogen.com/content/sfs/manuals/mp00143.pdf) using the fol-
lowing equation:

Absorbance protein=4,g¢ ,uu=4504 nm* (CF),

where CF=correction factor supplied by the manufacturer.
The percent labeling was determined by UV spectrometry at
504 nm using the extinction coefficient of BODIPY FL
(€=68,000 M~! cm™) as per manufacturer protocol (which
can be found at http://tools.invitrogen.com/content/sfs/
manuals/mp00143.pdf) using the following equation:

Degree of Labeling=(4504 ., “mw protein)/(protein
mg/mL*epoppy),

where molecular weight was assumed as 14.3 kDa for all
proteins.

These calculation indicated the degree of labeling for the
indicated species:
BODIPY FL lysozyme: 36.7%
BODIPY FL PBA-boronated lysozyme: 9.6%
BODIPY FL benzoboroxole-boronated lysozyme: 26.0%

Example 11: Cell Internalization of Boronated
Lysozyme

As shown in FIG. 6, boronation of lysozyme with ben-
zoboroxole increased its cellular uptake into Hel a cells by
about 4-fold. In contrast, boronation of lysozyme with PBA
increased its cellular uptake by about 20-fold in HeL a cells.
In both cases, this enhancement was decreased by addition
of fructose.

Cell Cultures:

Cell lines were obtained from American Type Culture
Collection (Manassas, Va.) and were maintained according
to the recommended guidelines. Cells were grown in a cell
culture incubator at 37° C. and 5% CO2 in flat-bottomed
culture flasks. Cell media was supplemented with 10% (v/v)
GIBCO fetal bovine serum (FBS), 100 units/mL penicillin,
and 100 pg/ml. streptomycin in the appropriate cellular
media for HeLa cells: DMEM, high glucose (Invitrogen,
Carlsbad, Calif.). Cells were counted by hemocytometry for
dispensing into 12-well plates (Corning Costar, Lowell,
Mass.).

Flow Cytometry Assays

BODIPY-FL was excited with a 488 nm solid-state laser
and the emission was collected with a 530/30 bandpass filter.
At least 10,000 cellular events were acquired for each
sample. Data were analyzed using FlowJo 8.1.3 (Treestar,
Ashland, Oreg.).
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The day prior to the experiment, 1x105HeLa cells/well
were plated in 12 well plates. The day of the experiment, the
appropriate amount of fructose was dissolved into the cel-
lular medium to obtain a final 250 mM fructose concentra-
tion, then it was sterile filtered with a 0.45 pm Whatman
(Piscataway, N.J.) syringe filter. Non-fructose containing
medium was likewise sterile filtered to maintain consistency
between the experimental groups. Stock solutions of fluo-
rescently labeled proteins were diluted into the cell culture
to a final concentration of 5 uM. proteins were incubated
with cells for four hours, then the cells were rinsed twice
with PBS, removed from the cell culture plate with trypsin,
placed in flow cytometry tubes containing 80 pL. of FBS (to
ensure cell viability), and incubated on ice until analyzed by
flow cytometry. Final fluorescence values were divided by
the percent fluorophore labeling of the protein to determine
the corrected value of fluorescence. Experiments were run in
triplicate (except for PBA-boronated lysozyme, which was
in duplicate) and the data is reported as the mean=standard
deviation normalized to the wild type protein uptake.

Example 12: Boronation of a Biotin-Peptide
Conjugate and its Complexation to NeutrAvidin;
Cell Internalization of Boronated Avidin

A. Preparation of Boronated Biotin-Peptide Conjugate

The exemplary Biotin-peptide conjugated used was: Bio-
tin-Anx-GEGEGEGEGEGEG-OH, MW: 1531.54 Da, pur-
chased as a custom synthesis from Biomatik (Cambridge,
Ontario, Canada), where Anx stands for e-aminocaproic
acid, G is glycine, and E is glutamic acid.

PBA-boronated biotin-peptide conjugate was prepared
similarly to boronated proteins. In 5 mL. double deionized
water, biotin-peptide (5 mg, 3.3 pmol) was added and the pH
of the solution was adjusted to 5.0. Then EDC (80 mg, 0.4
mmol) and 3-aminophenylboronic (2, 29.6 mg, 0.2 mmol)
was added. The solution was left to stir overnight on a
nutating mixer at ambient temperature. After dialysis, PBA-
boronated biotin-peptide was analyzed by MALDI-TOF.

The biotin-peptide control was measured to have 1528.73
Da major peak, the expected peak in anion mode was 1530
Da, therefore, the correction factor was calculated as 1.27
Da. The PBA-boronated biotin-peptide conjugate was mea-
sured to have a 2254.20 Da major peak which was corrected
to 2255.47 Da. Each PBA conjugation represents 118.9 Da,
so on average about 6.1 PBA are conjugated to the biotin-
peptide conjugate, noting that 6 glutamates plus the C-ter-
minus are available for conjugation of the phenylboronate.

An analogous method employed 5-amino-2-hydroxym-
ethylphenylboronic acid (1) to prepare benzoboroxole-bo-
ronated biotin peptide conjugate. However, the benzoborox-
ole-boronated biotin peptide crashed out of solution and was
insoluble. Addition of high concentrations of fructose to the
solution containing the benzoboroxole-boronated biotin
peptide solubilized it.

B. Preparation of Boronated-Avidin

The PBA-boronated biotin-peptide can be used to gener-
ate boronated Avidin. PBA-boronated biotin-peptide conju-
gate (having on average 6 PBA) was placed into 8 mL of 100
mM fructose in double deionized H,O (0.625 mg/mlL, 277
uM). Fluorescein-conjugated NeutrAvidin (5.5 mg), was
dissolved in 1 ml. double deionized H,O (5.5 mg/mlL., 91.7
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uM). For a total volume of 1.8148 mL., an aliquot of 0.1818
ml, Fluorescein-conjugated NeutrAvidin (9 pM final con-
centration) was added to an aliquot of 1.633 mL of peptide
(249 puM final concentration, 28x fold excess compared to
NeutrAvidin). For control NeutrAvidin, for a total volume of
981.8 ul, an aliquot of 181.8 ul. NeutrAvidin (17 uM final
concentration) was added to an aliquot of 800 ul. of 0.2
mg/mL biotin (667 uM final concentration, 39x fold excess
compared to NeutrAvidin). Complexations were incubated
for 1-2 h at ambient temperature in the dark, then dialyzed
overnight in 10 mM fructose in double deionized H,O.
Fructose was used throughout to help with solubility of the
boronates. Note that NeutrAvidin should be tetrameric, so 4
peptides should complex, giving about 24 boronic acids/
NeutrAvidin.

Concentrations of proteins were determined by UV spec-
trometry at 494 nm using the extinction coeflicient of
fluorescein (e=68,000 M-1 cm-1) (web site:/tools.invitro-
gen.com/content/sfs/manuals/mp00143.pdf) and dividing by
2 as =2 moles fluorescein were conjugated to 1 mole of
NeutrAvidin as per manufacturer protocol (web site:ww-
w.piercenet.com/coapdfs/CofA-31006-SPECS.pdf). Avidin
control (with biotin only) was 414.8 uM fluorescein; ca.
207.4 uM avidin. Avidin-PBA-boronated biotin-peptide
complex was 6.78 uM fluorescein; ca. 3.39 uM avidin. These
results indicate that the boronated biotin-protein complex
functioned for binding to Avidin.

C. Cell Internalization of Boronated Avidin

Flow cytometry experiments were conducted as described
in Example 11 with Fluorescein-conjugated NeutrAvidin
and Boronated Fluorescein-conjugated NeutrAvidin (boro-
nated by complexation to the PBA-boronated Biotin-peptide
conjugate) in Hel a cells. As illustrated in FIG. 7, boronation
of Avidin with PBA increased internalization in HeLa cells
by about 2-fold.

Example 13: Preparation of Phenylboronated
Amino Acids for Synthesis of Boronated
Oligopeptides

A. Fmoc-protected glutamic acid boronated with
5-amino-2-hydroxymethyl-phenylboronic acid, Fmoc-L-
glutamic acid 1-tert-butyl ester (2.66 g, 6.251 mmol),

/O
HO/B
NH,
O, OH

1) HOBT, HBTU, DIEA
DMF,0°C.,4H

2) 4.0M HCl in dioxane
1,2 H

e}
Fmoc—NH
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-continued

~o

HO/B

OH
Fmoc—NH

was added to a round bottom flask with 1-Hydroxybenzo-
triazole (HOBT, 1.914 g, 12.50 mmol) and 2-(1H-benzotri-
azol-1-y1)-1,1,3,3-tetramethyluronium hexatluorophosphate
(HBTU, 3.557 g, 9.377 mmol). The flask was placed under
argon and dry DMF was added (62 mL). N,N-diisopropyl-
ethylamine (DIEA, 5.88 mL, 33.78 mmol) was then added
at 0° C. and the reaction was allowed to stir for 10 minutes.
Under argon, 5-amino-2-hydroxymethyl-phenylboronic acid
(2.318 g, 12.0 mmol) was combined with dry DMF (5 mL)
and N,N-diisopropylethylamine (5 mL, 28.72 mmol). The
solution of amine was added dropwise to the reaction
mixture over an hour. Upon complete addition, the round
bottom flask was removed from the ice bath and stirred at
room temperature for 4 h. The DMF was then removed by
vacuum. The product was diluted in 200 mI. 1M HCI and
extracted with ether (10x200 mL). The organics were con-
centrated, loaded with celite, and purified with silica gel
chromatography (4% methanol, 96% dichloromethane) to
yield product (533 mg, 14%). "H-NMR (400 MHz; CDCl,)
8=7.94 (s, 1H), 7.73 (d, J=7.5 Hz, 3H), 7.55 (t, J=8.9 Hz,
2H), 7.37 (t, J=7.4 Hz, 2H), 7.29-7.26 (m, 2H), 7.22 (d,
J=8.3 Hz, 1H), 5.83 (d, J=7.9 Hz, 1H), 4.99 (s, 2H), 4.39 (t,
J=6.7 Hz, 2H), 4.29 (m, 1H), 4.13 (t, J=6.8 Hz, 1H), 2.42 (m,
2H), 2.30 (m, 1H), 1.99 (m, 1H), 1.45 (s, 9H). >C NMR
(100 MHz; CDCl,): & 176.3, 171.2, 170.9, 157.1, 149.5,
143.81, 143.70, 141.4, 137.4, 127.9, 127.2, 125.26, 125.12,
123.3, 121.63, 121.54, 120.1, 83.1, 77.2, 71.1, 67.3, 54.0,
473, 34.1, 30.1, 28.1.

The t-butyl ester protected product was added to a round
bottom flask and 4.0M HCI in dioxane (10 mL, 40 mmol)
was added under argon to remove the t-butyl group. The
mixture was allowed to stir for 2 hours at rt. The solution
was concentrated under reduced pressure and purified by
flash chromatography (silica gel, 1:99-10:90, methanol/di-
chloromethane). 'H-NMR (400 MHz; MeOH) 8=7.78 (m,
7.2 Hz, 3H), 7.65 (m, 3H), 7.36 (quintet, J=7.4 Hz, 2H), 7.28
(m, 3H), 4.97 (s, 2H), 4.35-4.27 (m, 2H), 4.22 (dd, J=12.5,
6.4 Hz, 1H), 4.12 (t, I=6.7 Hz, 1H), 2.50-2.40 (m, 2H), 2.28
(td, J=12.3, 5.7 Hz, 1H), 2.07 (dt, J=15.1, 7.5 Hz, 1H).
HRMS (ESI") m/z calculated for (C,,H,,BN,O,)”
498.1708, measured 498.1729. overall yield: 256 mg
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B. Fmoc-Protected Glutamic Acid Boronated with
5-Aminophenylboronic Acid

e}

NH,

1) HOBT, HBTU, DIEA
DMF,0°C.,4H

2) 4.0M HCl in dioxane
1,2 H

X

Fmoc—NH

OH
Fmoc—NH

e}

Fmoc-L-glutamic acid 1-tert-butyl ester (2.61 g, 6.128
mmol) was added to a round bottom flask with HOBt (1.876
g, 12.26 mmol) and HBTU (3.486 g, 9.19 mmol). The flask
was placed under argon and dry DMF added (61 mL).
N,N-diisopropylethylamine (5.67 mL, 32.56 mmol, 0.742
g/mL) was added at 0° C. and the reaction was allowed to
stir for 10 minutes. Under argon, 3-aminophenylboronic
acid pinacol ester (2.685 g, 12.26 mmol) was combined with
dry DMF (5 mL) and N,N-diisopropylethylamine (5 mL,
28.72 mmol, 0.742 g/mL). The solution of amine was added
dropwise over an hour. Upon complete addition, the round
bottom was removed from the ice bath and allowed to stir at
rt for 4 h. The DMF was removed by vacuum. The product
was diluted in 200 mL. 1M HCI and extracted with ether
(3x200 mL). The organics were concentrated, loaded with
celite, and purified with silica gel chromatography (40%
ethyl acetate, 60% hexanes) to yield product 2.929 g,
80.4%). 'H NMR (400 MHz; CDCI3): 8=8.08 (s, 1H),
7.86-7.81 (m, 2H), 7.76 (d, J=7.5, 2H), 7.59 (t, J=8.2, 2H),
7.53 (d,J=7.2, 1H), 7.39 (1, I=7.4, 2H), 7.31 (dt, J=7.1, 3.3,
2H), 5.61 (d, J=7.7, 1H), 4.42 (t, J=6.6, 2H), 4.29 (1, ]=6.8,
1H), 4.20 (t, J=6.9, 1H), 2.39 (t, I=6.2, 2H), 2.31 (s, 1H),
1.96 (s, 1H), 1.31 (s, 12H), 1.24 (s, 9H). *C NMR (100
MHz; CDCl,) =175.1, 171.1, 170.5, 156.9, 143.94, 143.79,
141.5, 137.7, 130.7, 128.6, 127.9, 127.2, 125.9, 125.29,
125.20, 123.1,120.1, 84.0, 83.0, 75.2, 67.3, 47.3, 34.0, 30.0,
28.1, 25.0.

The t-butyl ester protected product was added to a round
bottom flask and 4.0M HCI in dioxane (10 mL, 40 mmol)
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was added under argon. The mixture was allowed to stir for
2 hours at rt. The solution was concentrated under reduced
pressure and purified by flash chromatography (silica gel,
1:99-10:90, methanol/dichloromethane). 'H-NMR (400
MHz; CDCl,) 8=7.93 (s, 1H), 7.77 (m, 4H), 7.57 (d, ]=6.4
Hz, 3H), 7.35 (m, 7.7 Hz, 4H), 6.04 (d, I=6.9 Hz, 1H), 4.38
(d, J=6.5 Hz, 2H), 4.18 (t, I=6.7 Hz, 1H), 2.65-2.59 (br m,
1H), 2.57-2.51 (br m, 1H), 2.36-2.28 (br m, 1H), 2.14-2.06
(br m, 1H), 1.32 (s, 12H). (KJ-2-104-2). Overall yield: 1.124
g; M-H, Expected: 568.2490, observed: 568.2498.

C. Fmoc-Protected Phenylalanine Boronated with Phe-
nylboronic Acid.

0 0
\ /
B—38
/ \
o o

I 1) PdCLydppf, KOAc
DMF, 80° C., overnight
2) 4.0M HCl in dioxane

t,2 H
OH
Boc—NH
(0]
o&o
(0] O
Fmoc
By DIEA, dioxane
0°-rt, overnight
OH
N
(0]
(0]
B
~0
OH
Fmoc—NH

e}

Boc-4-iodo-L-phenylalanine (10 g, 25.56 mmol), bis(pi-
nacolato)diboron (9.737 g, 38.34 mmol), KOAc (12.543 g,
127.8 mmol), PACL,(dppf) (1.744 g, 2.38 mmol) were added
to a round bottom flask. The flask was placed under argon
and dry, degassed DMF added (250 mL). The reaction was
heated to 80° C. overnight. The reaction was cooled and
filtered through a celite plug and washed with EtOAc. The
filtrate was concentrated under reduced pressure and purified
by flash chromatography (40% EtOAc/Hexanes, then 100%
EtOAc with 1% acetic acid) to yield the crude product (7.4
g). 'HNMR (400 MHz; CDCI3) 8=7.76 (d, 1=7.9, 2H), 7.20
(d, J=7.6, 2H), 4.90 (d, I=6.7, 1H), 4.59 (d, J=7.4, 1H), 3.22
(dd, J=14.4, 4.8, 1H), 3.11 (dd, J=15.0, 7.1, 1H), 1.42 (s,
9H), 1.34 (s, 12H).
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Boc-4-pinicalborane-L-phenylalanine (3.7 g, 9.456
mmol) was added to a round bottom flask with 4.0 M HCl
in dioxane (40 ml, 160 mmol HCl) and stirred at room
temperature overnight to remove the Boc protecting group.
The reaction was purged with Ar gas for thirty minutes to
remove the HCI gas and concentrated under reduced pres-
sure. 'H NMR (400 MHz; MeOH) $=7.76 (d, 1=8.0, 2H),
7.32(d, J=7.9, 2H), 4.27 (dd, J=7.9, 5.6, 1H), 3.36 (d, J=5.3,
1H), 3.16 (dd, J=14.6, 8.1, 1H), 1.35 (s, 12H). 4-Pinicolbo-
rane-L-phenylalanine (4.554 g, 13.80 mmol), N,N-diisopro-
pylethylamine (9.62 mlL., 55.21 mmol), and Fmoc N-hy-
droxysuccinimide ester (5.133 g, 15.18 mmol) was added to
a round bottom flask. The reaction was put under Ar and
anhydrous dioxane (130 mL) was added. The reaction was
stirred at room temp overnight, concentrated under reduced
pressure, and purified by silica flash chromatography (1%
MeOH/DCM, then 20% MeOH/DCM v/v). "H-NMR (400
MHz; CDCl,) 6=7.76 (d, J=7.4 Hz, 4H), 7.54 (t, ]=7.4 Hz,
2H), 7.40 (t, J=7.5 Hz, 2H), 7.30 (m, 2H), 7.18 (d, J=7.3 Hz,
2H), 5.20 (d, J=7.8 Hz, 1H), 4.71 (q, J=6.3 Hz, 1H), 4.42 (m,
1H), 4.34 (1, J=8.9 Hz, 1H), 4.20 (t, J=7.2 Hz, 1H), 3.24 (dd,
J=13.8, 5.2 Hz, 1H), 3.14 (dd, J=14.2, 5.7 Hz, 1H), 1.34 (s,
12H). '*C NMR (126 MHz; CDCI3): 8=174.9, 155.9,
143.90, 143.77, 141.4, 138.9, 135.3, 128.9, 127.9, 127.2,
125.26, 125.21, 120.1, 84.1, 77.2, 67.3, 54.5, 47.2, 38.0,
25.0. Total yield=8.238 g, 16.0 mmoles, 62.6% overall yield.

Fmoc-protected boronated amino acids as described
herein are employed to prepare boronated peptides for
boronation of peptides and proteins. For example, Fmoc-
protected boronated glutamic acid is used in place of Fmoc-
protected glutamic acid in conventional Fmoc solid phase
peptide synthesis to prepare boronated oligopeptides con-
taining one or more boronated glutamic acids, such as
Anx-GE;GE;GE;GE GEGEzG, where E; represent boro-
nated glutamic acid. Similarly, Fmoc-protected boronated
phenylalanine can be used to prepare boronated oliogpep-
tides containing one or more boronated phenylalanines.
Conventional Fmoc solid phase described in Chan, W. C.
and White P. D. Fmoc Solid Phase Peptide Synthesis—A
Practical Approach, Oxford University Press 2000. This
reference is incorporated by reference herein in its entirety
for its description of methods and materials for solid phase
peptide synthesis.

Example 14: Bioreversible Boronation of Proteins;
Boronation Reagent 100 for Traceless Delivery of
Proteins into Cells

An exemplary boronation reagent (100) combines 2-hy-
droxymethylphenylboronic acid (benzoxaborole) with an
immolative linker for delivery of native proteins into the
cytosol of a cell. An immolative linker is used for linking the
phenylboronate group to the cargo molecule, e.g., a protein,
and which can be removed, for example, by enzyme action,
to release the native cargo molecule, thus the linker is
traceless (does not leave behind any atom or moiety that is
not found in the native cargo molecule). Immolative or
traceless linkers are of particular benefit in delivery of
peptides or protein into cells in their native form. The
exemplary reagent 100 used a o-hydroxydihydrocinnamic
acid derivative, known as the trimethyl lock (TML), as the
linker between benzoxaborole and a protein cargo. After
being triggered, the TML exhibits extremely high lacton-
ization rates to release a cargo of interest. The TML is a
specific example of a trialkyl lock system, as is known in the
art. Reagent 100 (also designated TMLB-NHS) carries an
N-hydroxysuccinimide ester for chemoselective conjugation
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to amino groups, such as those at the N terminus and on the
side chains of lysine residues, which have a ~6% abundance
in proteins. The attachment of benzoxaborole to an immo-
lative linker via an ester linkage allows the boronic acid
moiety to be removable in the presence of endosomal
esterases, to afford the delivery of completely native protein.
It will be appreciated that various other reactive groups can
be employed in place of the N-hydroxysuccinimide ester
e.g., other amine reactive groups or chemoselective reactive
groups which react selectively with groups present in the
cargo molecule.

The ability of reagent 100 to enhance the cellular inter-
nalization of a model protein: green fluorescent protein
(GFP) was assessed. GFP was chosen due to its distinctive
fluorescent read-out and the inability of native GFP to enter
mammalian cells. Overnight incubation at ambient tempera-
ture GFP with 100-fold excess of reagent 100 in 3:1 PBS/
acetonitrile yielded 3x1 labels per protein molecule. The
labeling (boronation) was reversible, as co-incubation of
TMLB-GFP with a lysate from CHO K1 cells removed all
of the labels. The uptake of TMLB-GFP and unlabeled GFP
by CHO KI1 cells was compared FIG. 27. After a 4-h
incubation, a dramatic increase in the cellular uptake of
TMLB-GFP was observed. The fluorescence in microscopy
images was largely punctate, indicating that TMLB-GFP
was taken up into cells by an endosomal pathway. Co-
localization of this bright punctate staining with a stain for
transferrin was consistent with this conclusion. After a 24-h
incubation, some cytosolic staining was observed (data not
shown), indicating endosomal escape.

To confirm that the boronate moiety was responsible for
the difference in cellular entry, additional experiments were
performed. A non-boronated reagent (TMOAC-NHS ester)
that lacks the benzoxaborole functionality to modify GFP,
yielding a level of labeling similar to that from TMLB-NHS
ester.

e}

)k °
(0] O
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@]
TMOAc-NHS

When incubated with cells for 4 h, TMLOAc-GFP was
taken up comparably to unlabeled GFP rather than TMLB-
GFP. These results indicate that the effects are not due to
modification of the lysine residues themselves, or to the
TML portion of TMLB.

The importance of the boronic acid motif for uptake was
assessed by repeating the cellular uptake experiments using
TMLB-GFP in the presence of fructose, which has a Ka of
336 M-1 for benzoxaborole.34 In the presence of fructose
as a competitor, a significant decrease in GFP uptake was
observed by both confocal microscopy and flow cytometry.
Taken together, these results indicate that the boronic acid
portion of TMLB-GFP is responsible for enhanced cellular
uptake.

The efficacy of reagent 100 as a delivery vehicle for
another protein, a cytotoxic ribonuclease was also assessed.
This enzyme, which is the G88R variant of ribonuclease A,
must reach cytosolic RNA to elicit its cytotoxic activity.
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After labeling the ribonuclease by the same procedure used
to label GFP, an average of 1.6+0.7 labels per molecule of
protein was observed. This lower level of labeling is con-
sistent with GFP (20) having more amino groups than does
the ribonuclease (13). The labeling was reversible, as incu-
bation with a CHO K1 cell lysate removed all of the labels.
The the ability of TMLB-ribonuclease and unlabeled ribo-
nuclease to inhibit the proliferation of K-562 cells, which are
from a human leukemia line was assessed. The boronate
modifications resulted in a decrease in IC5, (FIG. 28),
indicating that the boronate enables more ribonuclease to
reach the cytosol.

FIG. 29 illustrates a possible mechanism of bioreversible
modification of a protein using reagent 100.

The immolative boronate-based reagent 100 increases the
cellular delivery of proteins, as measured by fluorescence
microscopy, flow cytometry, or a cytotoxic phenotype based
on ribonucleolytic activity. The delivery of protein is trace-
less, as cellular esterase activity returns the proteins to an
unmodified state.

Cell Culture.

Cell lines were obtained from American Type Culture
Collection (Manassas, Va.) and were maintained according
to the recommended procedures. Medium and added com-
ponents were the Gibco® brand from Thermo Fisher Sci-
entific (Waltham, Mass.). 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 pg/ml.). Cells were counted with a hemo-
cytometer to determine the seeding density in 12-well plates
from Corning Costar (Lowell, Mass.) or microscopy dishes
from Ibidi (Madison, Wis.). All flow cytometry and confocal
microscopy was performed with live cells, incubated on ice
at the time of analysis.

Labeling of GFP

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
His, 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. [52a-e] The vector also contained a
T7 promoter and ampicillin resistance gene.

The expression vector was transformed into electrocom-
petent BL21(DE3) E. coli cells from New England Biolabs
(Ipswich, Mass.), then plated on LB agar containing ampi-
cillin (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, Ill.) in a
3.8-L glass flask with ampicillin at a final concentration of
200 pg/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
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2 L of liquid growth, which was 50 mM Tris-HCl 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, Mass.) 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-HCl buffer,
pH 7.0, containing EDTA (1 mM).

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 buffer, 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.

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 pmol) 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 [ 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 there were 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,
Wis.) in which the phenolic oxygen is protected as acetate.
The TMLOACc-GFP was also decorated with 3+1 labels.

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-nitrop-
henyl acetate (data not shown). A solution of TMLB-GFP
(10 pg) was added to 200 L. 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 regen-
eration of unlabeled GFP was confirmed with MALDI-TOF
mass spectrometry.

TMLB-GFP Internalization

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
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4 h. Cells were then rinsed twice with Dulbecco’s PBS
(DPBS) from Thermo Fisher Scientific and released from
the plate with 250 L of trypsin/EDTA (0.25% wi/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 mea-
sured by flow cytometry. Alexa Fluord88® was excited with
a 488-nm solid-state laser, and the emission was measured
through a 530/30 bandpass filter.

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 TMLOAc-GFP (10 uM) for 4 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
membrane was stained with WGA-594 (5.0 ng/mL) (Invit-
rogen) for 15 min on ice. Cells were then washed twice with
wash buffer, and examined live using a scanning confocal
microscope.

Colocalization with Organelles

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 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 ng/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.

Internalization Over Time

Microscopy.

CHO K1 cells were seeded at a density of 50,000 cells/
dish in an 8-well p-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
ng/mL) for S min at 37° C., and cell membranes were stained
with WGA-594 (5.0 ug/mL) for 15 min on ice. Cells were
then washed twice with wash buffer, and examined live
using a scanning confocal microscope.

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.

Ribonuclease A Protein Labeling

Preparation of FLAG-Ribonuclease A (RNase A) and
G88R RNase A:

FLAG-RNase A and G88R RNase A were produced and
purified by methods described previously. [51, 53]

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 2x1
labels per G88R RNase A.

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-nitrop-
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henyl acetate (data not shown). A solution of esterified
FLAG-RNase A (10 pg) was added to 200 plL 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 unlabeled FLAG-RNase A was confirmed
with MALDI-TOF mass spectrometry.

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, 5x10* cells/fmL 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,O, 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 IC,, were calcu-
lated by fitting the curves by nonlinear regression to the
equation:

y=100%/(14100esUCS0)-log [ribonucleasely

where y is the total DNA synthesis following the CYQUANT
dye pulse and h is the slope of the curve (FIG. 28).

Example 15: Synthesis of Boronation Reagent 100

The boronation reagent 100 was synthesized by the
scheme illustrated in FIG. 24.

General:

All chemicals were from Sigma-Aldrich (Milwaukee,
Wis.) and were used without further purification. All glass-
ware was flame-dried, and all reactions were performed
under an atmosphere of N, (g). Reagent grade solvents, i.e.,
dichloromethane (DCM), tetrahydrofuran (THF), triethyl-
amine (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 Sili-
cycle 40-63 A silica (230-400 mesh); thin-layer chromatog-
raphy (TLC) was performed with EMD 250-um silica gel
60-F254 plates. PBS contained Na,HPO, (10 mM),
KH,PO, (1.8 mM), NaCl (137 mM), and KC1 (2.7 mM) at
pH 7.3. All procedures were performed at room temperature
(~22° C.) unless noted otherwise.

'H and *C NMR spectra were acquired at ambient
temperature with a Bruker Avance III 500i spectrometer at
the National Magnetic Resonance Facility at Madison (NM-
RFAM) and referenced to residual protic solvent. Electro-
spray ionization (EST) mass spectrometry of small molecules
was performed with a Micromass LCT in the Mass Spec-
trometry 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 Facil-
ity at the University of Wisconsin-Madison. Absorbance
measurements were made with an infinite M1000 plate
reader from Tecan (Méinnedorf, Switzerland). Confocal
microscopy was performed with an Eclipse TE2000-U laser
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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, Calif.). Cytometry data were
analyzed by using the program FlowJo 8.7 from Treestar
(Ashland, Oreg.). Calculations were performed with Prism
version 6 software from Graph Pad Software (La Jolla,
Calif.).

Synthesis (FIG. 24):

Step 1.

2,5-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 sepa-
rating funnel with 250 ml of water. The mixture was then
extracted with ethyl acetate (3x100 mL). The organic layer
was washed with saturated aqueous NaHCO; followed by
brine. The organic layers were combined and dried over
NaSO, (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 the
indicated product as an off-white solid (7.6 g, 92%).

'HNMR (500 MHz, CDCl,, 8): 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,, 8): 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
[C13H,60,]" (M+NH,)" requires m/z 222.1489; found m/z
222.1486.

Step 2.

The product of step 1 (3.5 g, 17.1 mmol) was dissolved in
anhydrous THF (20 mL). The resulting solution was added
dropwise to a suspension of LiAIH, (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
NaSO, (s). The solvent was removed under reduced pres-
sure, and the crude product was purified by chromatography
on a column of silica gel (4:6 EtOAc/hexanes) to afford the
indicated product as a colorless oil (2.8 g, 80%).

'HNMR (500 MHz, CDCl,, 8): 1.45 (s, 6H), 2.18 (s, 3H),
2.22 (t,1=7.12 Hz, 2H), 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); >C NMR (125 MHz, CDCl,, 8): 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 [C,,H,,0,]" (M*")
requires m/z 208.1458; found m/z 208.1453.

Step 3.

The product of step 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 over-
night. 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 the
indicated product as a white solid (2.8 g, 73%).

'HNMR (500 MHz, CDCl,, 8): 0.03 (s, 6H), 0.89 (s, 9H),
1.59 (s, 6H), 2.15 (t, I=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); 1*C NMR (125 MHz,
CDCl,, 9): 541, 16.43, 18.30, 25.62, 25.92, 32.27, 39.68,
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4491, 61.75, 122.88, 125.17, 127.79, 132.07, 135.53,
153.87; HRMS (ESI) calculated for [C, H;,0,Si]" (M+H")
requires m/z 323.2401; found m/z 323.2394.

Step 4.

Boc-protected p-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 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
NaHCO; and then washed with 1 N HCI. The solution was
dried over NaSO, (s), and solvent was removed under
reduced pressure. The crude product was purified by chro-
matography on a column of silica gel (1:9 EtOAc/hexanes)
to afford the indicated product as a white solid (1.98 g, 65%).

'HNMR (500 MHz, CDCl,, 8): 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, I=7.64 Hz, 1H); '*C NMR (125 MHz,
CDCl,, 9): 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 [C,,H,,NOSSi]* (M+H") requires
m/7=494.3297; found m/z=494.3294.

Step 5.

The product of step 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 the indicated
product as a colorless oil (1.34 g, quant).

'"HNMR (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, 1=7.73 Hz, 1H); '°C
NMR (125 MHz, CDCl,, §): 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 [C,;H;3NOS]" (M+H") requires m/z
380.2432; found m/z 380.2437.

Step 6-1

S

NaOCl,
CH;CN/H,0
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-continued
Step 6-2

S

HCl/dioxane
—_—

OH quant.

87
(6]

HCl-HZN/\)]\O )

OH

88

Step 6 (1 and 2).

A solution of the product of step 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 chro-
matography on a column of silica gel (4:6 EtOAc/hexanes)
to afford the indicated product 87 as a clear oil (0.83 g,
85%).

'H NMR (500 MHz, CDCl,, §): 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,
1=7.73 Hz, 1H), 9.51 (1, 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
[C,,H; NOS]* (M+H") requires m/z 378.2275; found m/z
378.2280.

The product of step 6-1 (0.8 g, 2.1 mmol) and NaH,PO,
(0.26 g, 1.59 mmol) were dissolved in CH;CN (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 m[) was added, and the
reaction mixture was acidified to pH 2.0 with 1 N HCI
followed by extraction with ethyl acetate (3x15 mL). The
organic layer was washed with brine and then dried over
NaSO, (s). The solvent was removed under reduced pres-
sure, and the crude product was purified by chromatography
on a column of'silica gel (5-10% v/v MeOH/DCM) to afford
the indicated product as a clear oil (0.61 g, 73%)

'HNMR (500 MHz, CDCl,, 8): 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, ] 7.76 Hz, 1H),
6.98, (d, I=7.78 Hz, 1H); *C NMR (125 MHz, CDCl,, §):
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
[C,,H;  NO]* (M+H") requires m/z 394.2225; found m/z
394.2219.

Step 7.

The product of step 6-2 (0.5 g, 1.2 mmol) was dissolved
in a solution of 4 M HCl in dioxane (8.4 m[.) and allowed
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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 precipi-
tate the indicated product compound 88 as its HCl salt (0.4
g; quant).

'H NMR (500 MHz, CD,0D, 8): 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); 1*C NMR (125
MHz, CD,0D, 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 [C,H,,NO,]" (M-CD)*
requires m/z 294.1779; found m/z 294.1793.

O O,

O
L]
\O O/

O O

DIEA, MeCN
40%

OH
O~—p

NH2 “HCl

ﬁ S,
S

OH

8 TEA, DCM
29% (2 steps)

90

Step 8.

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 addi-
tion 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 89 as a light yellow solid. The compound
was used without further purification.

Compound 88 (0.080 g, 0.244 mmol) was dissolved in dry
THF (2.4 mL). Compound 89 (0.078 g, 0.268 mmol) was
then added to the solution, followed by the dropwise addi-
tion of DIEA (0.06 mL, 0.73 mmol). The reaction mixture
was allowed to stir overnight. The reaction mixture was then
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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 the
indicated product compound 90 as a white solid (0.083 g,
73%).

'"H NMR (500 MHz, CD,0D, 8): 1.56 (s, 3H), 2.20 (s,
3H), 2.55 (s, 3H), 2.80 (s, 2H), 2.87-2.85 (t, I=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), 7.28-7.29 (d, I=8.22 Hz, 1H), 7.50-7.52 (d, J=8.24
Hz, 1H), 7.62 (s, 1H); '*C NMR (125 MHz, CD,0D, d):
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 [C,sH;, ''BN,O,]*
(M+H)* requires m/z 483.2298; found m/z 483.2308.

OH

O\B/
O O NHS, DCC,
T
NN 0 0 _ .
H H 20%

OH
90

B o

Compound 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-hydroxy-
succinimide (0.016 g, 0.142 mmol) were added. The reac-
tion 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 residue
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 100 as a white solid (0.012 g, 20%).

'"H NMR (500 MHz, CD,0D, 8): 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, J=6.74 Hz, 2H), 5.03 (s, 2H), 6.66
(s, 1H), 6.84 (s, 1H), 7.28-7.29 (d, ]=8.21 Hz, 1H), 7.51-7.49
(d, 1=8.19 Hz, 1H), 7.61 (s, 1H); *C NMR (125 Mz,
CD,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
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relaxation; HRMS (ESI) calculated for the methyl boronic
ester [C,oH,,'°BN,O,]* (M+Na)* requires m/z 602.2286;
found m/z 602.2290.
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We claim:
1. A boronation reagent of formula:

Ye—Xs
PB—Y,—Ls—7Y;s vl
R
Ra 32
Ra
R3s Rs3

where:

PB is a phenylboronate group;

Y., Y5 and Y are independently selected from —O—,
—S—, —NR¢-, —CO—, —O0—CO—, —CO—0—,

~CO—NRe-, —NRe-CO—, — NRe-CO—NRe-,
~OCO—NRe-, —NRe-CO—O—, —N=N_,
~ N—N_ NRc-, ~CO-S—, ~ 8- CO—,

—S—S—, —S0,—, and —CRc(OH)—CRc(OH)—,
where Rc is hydrogen or C1-C3 alkyl;

L and L4 are divalent spacer moieties;

X, 1s a leaving group and —Y —X; together is a reactive
group;

R;; and each R;, are independently selected from a
C1-C8 alkyl group or a C3-C8 cycloalkyl group;

R;,4-R;¢ are selected from the group consisting of hydro-
gen, a straight-chain or branched aliphatic group hav-
ing 1-8 carbon atoms, a C3-C8 cycloalkyl group, an
alicyclic group, an aryl group, a heterocyclic group, a
heteroaryl group, a —CO,R,, group, a —O—CO—
R,, group, a—CON(R,,), group, a —O—CON(R,),
group; a —N(R,,), group, a —OR,, group, a
—(CH,),,—OH group, a —(CH,),,—N(R,), group, a
halogen, a nitro group, a cyano group, a —S0O,—OR |,
group, or R, together with R55 or R; 5 together with R,
and the ring carbons to which R;,-R;4 are attached,
form a 5-8-member alicyclic, heterocyclic, aryl or
heteroaryl ring moiety, each of which groups or moi-
eties is optionally substituted;

m is an integer from 1-8;

each R,, is independently selected from hydrogen, a
straight-chain or branched aliphatic group having 1-8
carbon atoms, an alicyclic group, an aryl group, a
heterocyclic group, or a heteroaryl group, each of
which groups is optionally substituted;

each R,, is independently selected from hydrogen, a
straight-chain or branched aliphatic group having 1-8
carbon atoms, an alicyclic group, an aryl group, a
heterocyclic group, a heteroaryl group, or two R,
together with the nitrogen to which they are attached
form a 5-8 member heterocyclic or heteroaryl ring
moiety, each of which groups or moieties is optionally
substituted; and

wherein optional substitution is substitution by one or
more substituents selected from halogen, an oxo group,
a nitro group, a cyano group, a C1-C6 alkyl group, a
C1-C6 alkoxy group, a C2-C6 alkenyl group, a C2-C6
alkynyl group, a 3-7 member alicyclic ring, wherein
one or two ring carbons of the alicyclic ring are
optionally replaced with —CO— and which alicyclic
ring optionally contains one or two double bonds, an
aryl group having 6-14 carbon ring atoms, a 5- or
6-member ring heterocyclic group having 1-3 heteroa-
toms and wherein one or two ring carbons of the
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heterocyclic group are optionally replaced with
—CO— and which heterocyclic group optionally con-
tains one or two double bonds, a heteroaryl group
having 1-3 heteroatoms, a —CO,R,; group, a
—0OCO—R,; group, a —CONR,,),group, a
—OCON(R,,), group, a—N(R,,), group, a —SO,—
OR,; group, a —OR,; group, a —(CH,),—OR,;
group, a —(CH,),—N(R,,), group, where m is 1-8
and each R,; or R, is independently hydrogen, an
unsubstituted C1-C6 alkyl group, an unsubstituted aryl
group having 6-14 carbon atoms, an unsubstituted 5- or
6-member ring heterocyclic group having 1-3 heteroa-
toms and wherein one or two ring carbons of the
heterocyclic group are optionally replaced with
—CO— and which heterocyclic group optionally con-
tains one or two double bonds, and a heteroaryl group
having 1-3 heteroatoms and wherein two R, together
with the nitrogen to which they are attached optionally
form a heterocyclic or heteroaryl ring moiety.

2. The reagent of claim 1 wherein Y,—X; together is a
reactive group that reacts with one or more of an amino
group, a carboxylic acid group or ester thereof, a sulthydryl
group, a hydroxyl group, an azide group, a thioester group,
a phosphinothioester group, an aldehyde group or a ketone
group of an amino acid, peptide or protein.

3. The reagent of claim 1 wherein Y is a —CO— and X
is a leaving group of an activated ester.

4. The reagent of claim 3 wherein X, is selected from the
group consisting of a nitro-substituted phenolate group, a
halogen-substituted phenolate group, an N-oxido-succinim-
idyl or an N-oxido-sulfosuccinimidyl group.

5. The reagent of claim 4 wherein X is pentafluorophe-
nolate, tetrafluorophenolate, p-nitrophenolate or p-sulfo-tet-
rafluorophenolate.

6. The reagent of claim 1 wherein L5 and L are selected
from:

alkylene linkers (—(CH,),—) wherein y is 1-12, and

alkoxyalkyl  linkers =~ —[(CH,),—O—(CH,),],—
wherein q and r are zero or integers from 1-4, one of q
and r is not zero, and a is 1-6.

7. The reagent of claim 1 wherein L, is —(CH,),— and
Lsis —CH,—.

8. The reagent of claim 1 wherein R,; and each R, are
C1-C3 alkyl groups.

9. The reagent of claim 1 wherein R;; and each R;, are
methyl groups.

10. The reagent of claim 1 wherein R;,-R;, are selected
from hydrogen, a C1-C8 alkyl group, a C3-C8 cycloalkyl
group, a halogen, a nitro group, or a cyano group.

11. The reagent of claim 1 wherein R,,-R;, are selected
from hydrogen, a C1-C3 alkyl group, or a halogen.

12. The reagent of claim 1 wherein Y, is —NH—CO—
NH—.

13. The reagent of claim 1 wherein Y is —CO—O—.

14. The reagent of claim 1 wherein PB is selected from:

PB1
R,

R;

~_ "

HO
Rs ,
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-continued
PB2
R;
5
(@)
\B
/ R4
HO
Rs ,
R % 10
Ry
, or Ry Ry
RT Rs 15
L HO—B Rs
H0” SoR OR

15. A method for reversibly boronating a cargo molecule 20
having one or more amino groups which comprises reacting
the cargo molecule with a reagent of claim 1 wherein
Y—X, together is a reactive group that reacts with an
amino group.

16. A method for delivering a cargo molecule into a cell 5
which comprises boronating the cargo molecule by reacting
the cargo molecule with a reagent of claim 1 and contacting
the cell with the boronated cargo molecule.

17. The reagent of claim 1 wherein:

Y, is —NH—CO—NH—, Y5 is —CO—0—, each R,
R;; and R, are methyl groups, and R, and R, are
hydrogens.

18. The reagent of claim 17 wherein PB is selected from:

30

R, R, 35

R3

HO HO
Rs or Rs

where R,-R; are all hydrogens.

19. The reagent of claim 17 wherein X is selected from 45
an N-oxido-succinimidyl or an N-oxido-sulfosuccinimidyl
group.
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20. The reagent of claim 17 which is:

OH
O\B/
o)
b\ 0 0 0
)]\ N
A~ »
H H

CH;
CH;,

CHjy CH;

21. The reagent of claim 1 wherein optional substitution
is substitution by one or more substituents selected from
halogen, an oxo group; a nitro group, a cyano group, a
C1-C6 alkyl group, a C1-C6 alkoxy group, a C2-C6 alkenyl
group, a C2-C6 alkynyl group, a phenyl group, and a benzyl
group.

22. The reagent of claim 21 wherein Y —X, together is
a reactive group that reacts with an amine group.

23. The reagent of claim 1 wherein Y, and Ys are
independently selected from —O—, —S— —NRc-,
—CO0—, —0—-CO—, —CO—0—, —CO—NRec,
—NRc-CO—, and —NRec-CO—NRe, where Rc is hydro-
gen or C1-C3 alkyl.

24. The reagent of claim 14 wherein:

each R;,, R;; and R are methyl groups, and R, and R4

are hydrogens.

25. The reagent of claim 24 wherein Y —X, together is
a reactive group that reacts with one or more of an amine
group, a carboxylic acid group or ester thereof, a sulthydryl
group, a hydroxyl group, an azide group, a thioester group,
a phosphinothioester group, an aldehyde group or a ketone
group of an amino acid, peptide or protein.

26. The reagent of claim 25 wherein L5 and L are selected
from:

alkylene linkers (—(CH,),—) wherein y is 1-12.

27. The reagent of claim 26 wherein Y, and Y are
independently selected from —O—, —S— —NRc-,
—CO0—, —0—-CO—, —CO—0—, —CO—NRec,
—NRc-CO—, and —NRec-CO—NRe, where Rc is hydro-
gen or C1-C3 alkyl.
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