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Organoboronates have attracted considerable interest as
synthetic intermediates for Suzuki cross-coupling reac-
tions,"?! copper catalyzed heteroatom alkylation reactions,
asymmetric reductions,”! Diels-Alder reactions,” and a
variety of other transformations. Boronic acids are also
known to form reversible covalent complexes with diols,”
amino alcohols,”! amino acids,®*? alkoxides,'”! and hydroxa-
mic acids.!'! This latter property has been exploited in the
synthesis of ligands for the selective recognition of sugars!'>4l
and for the development of potent serine protease inhib-
itors.">!! In addition, boronates are finding utility as boron
neutron capture agents to kill tumor cells.® Despite their
novel chemical properties, boronic acids are not known to
occur naturally in polypeptides, either as posttranslational
modifications or as cofactors. Therefore, the ability to
genetically encode this functional group would provide
useful tools for biomolecular recognition and for the selective
chemical modification of proteins. Herein, we describe a
general methodology for the site-specific incorporation of p-
boronophenylalanine (1) into proteins directly in E. coli
(Figure 1). We also demonstrate the utility of this system for
boronate-mediated protein modification as well as the single
step scarless purification of proteins.

We have previously described methodology for the
addition of nonnatural amino acids to the genetic code of E.
coli,” yeast,”") and mammalian cells.”? This method is based
on the generation of an orthogonal tRNA/aminoacyl-tRNA
synthetase (aaRS) pair that allows the site-selective incorpo-
ration of novel amino acids into proteins in response to
unique nonsense and frameshift codons. To selectively
incorporate p-boronophenylalanine into proteins in E. coli,
we have used a Methanococcus jannaschii (Mj) derived amber
suppressor tyrosyl tRNA (MjtRNAZ!, )/tyrosyl-tRNA syn-
thetase (MjTyrRS) pair that has been previously shown to
function efficiently in E. coli, but does not cross-react with
any of the endogenous tRNAs and aminoacyl-tRNA synthe-
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Figure 1. Structure of p-boronophenylalanine (1). Oxidation [O] of the
amino acid leads to tyrosine while reduction [R] produces phenyl-
alanine.

tases.”?! To alter the specificity of the MjTyrRS synthetase
to selectively recognize 1, two active site NNK saturation
mutagenesis libraries of > 10° diversity were each subjected to
iterative rounds of positive and negative selections. The
design of these libraries and the selection methodology has
been described elsewhere.?"*!

After selection (three positive and two negative rounds)
numerous clones were obtained that permitted cells harbor-
ing a chloramphenicol acetyl transferase selection plasmid to
survive on 120 ygmL~' of chloramphenicol only in the
presence of 1 mm 1. Absence of the amino acid precluded
cell growth in this system. As shown in Table S1 in the
Supporting Information, of the seven clones sequenced, three
unique sequences were obtained displaying considerable
consensus. Positions 65 and 162 showed complete conver-
gence to alanine and glutamate, respectively, while position
155 maintained the wildtype glutamine for all clones.
Positions 32, 70, and 158 were enriched for Ser/Gly, His/
Met, or Ser/Ala, respectively. Analysis of the wildtype
MjTyrRS crystal structure complexed with tyrosine provides
some rationale for the possible roles of these mutations.”!
Tyr32 and Aspl58 make critical hydrogen bonds to the
phenolic oxygen of the bound tyrosine. Replacement of these
amino acids with a smaller serine residue removes the
determinants necessary for binding to tyrosine, while main-
taining hydrogen bonding functionality that may interact with
the boronate group. Mutation of Leul62 to Glu adds an
additional hydrogen bonding residue that could interact with
the boronate functionality. The most common sequence
(1BG11, designated B(OH),PheRS) was used for all subse-
quent experiments.

To confirm the incorporation of 1 into proteins, an amber
mutation (TAG) was substituted for Lys7 of a C-terminal
6XHis tagged variant of the Z-domain of staphylococcal
protein A (Figure S1 in the Supporting Information). Expres-
sion experiments were carried out in DH10B E. coli cells
harboring plasmids containing the amber Z-domain gene as
well as the MjtRNAJ;, and the evolved B(OH),PheRS.
Protein was expressed in 2xYT media in the presence or
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absence of 1 mM amino acid 1 followed by nickel affinity
purification. Analysis by SDS-PAGE and subsequent coo-
massie staining showed that protein was only produced in the
presence of the boronate amino acid (Figure S2a). Protein
yields were typically around 15mgL™" of expressed cell
culture. The expected mass of the boronate-containing Z-
domain (Z-domain-K7(1)) is 7824 (M+H protein mass minus
the N-terminal methionine which is cleaved post-translation-
ally); however, electrospray ionization (ESI) mass spectrom-
etry of the protein showed two peaks corresponding to the
loss of one or two water molecules (7807 and 7788,
respectively, Figure S2b). Analysis of the Z-domain crystal
structure shows that position 7 lies in close proximity to Thr2
and Ser3 on a flexible N-terminal loop.””! These masses are
consistent with the formation of boronic esters with the
hydroxy groups of these residues. To further confirm the
incorporation of 1, we substituted Ala82 with 1 in an
engineered cysteine-free T4 lysozyme (T4L-A82(1)). This
location was chosen because it is remote to any free hydroxy
groups in the protein structure. ESI of this protein showed the
expected mass corresponding to the intact boronate amino
acid (calcd. 18721, obsd. 18722; Figure S3a) with no dehy-
dration products observed.

p-Boronophenylalanine has been used in solid phase
peptide synthesis as a precursor to tyrosine and phenylalanine
through the oxidation or reduction of the boronate function-
ality, respectively (Figure 2a).”®! This reactivity allowed the
incorporation of the amino acid to be confirmed by chemical
methods. Oxidation of Z-domain-K7(1) for two hours with
excess hydrogen peroxide led to the disappearance of both
dehydration peaks in the mass spectrum described above to
give a single ESI peak corresponding to the expected mass of
tyrosine at position 7 (caled. 7798 [M+H], obsd. 7798;
Figure S2¢). Similarly, overnight reduction of Z-domain-
K7(1) with excess silver diammonium nitrate yielded the
expected mass of the phenylalanine product (caled. 7782
[M+H], obsd. 7782; Figure S2d). Using hydrogen peroxide to
oxidize the boronate amino acid is not selective in the
presence of other easily oxidized residues such as methionine.
Indeed, attempts to oxidize T4L-A82(1) (calcd. 18693
[M+H]) gave a mass approximately 80 daltons larger than
expected (obsd. 18772, Figure S3b) corresponding to oxida-
tion of each of the five methionine residues to methionine
sulfoxide. Selective oxidation of the boronate moiety was
achieved by using one equivalent of potassium peroxymono-
sulfate (oxone)® which afforded the expected tyrosine
product with no observed oxidation of the endogenous
methionines (Figure S3c).

We next examined the utility of this amino acid as an
orthogonal handle to selectively modify proteins. Boronic
acids are known to form strong reversible interactions with
polyhydroxylated compounds in aqueous solution at physio-
logical pH.[**" The interaction of boronates with sorbitol and
glucamine (2; Figure 2 a) for example are of very high affinity
and provide a useful method to selectively label proteins
under conditions that are relatively benign to biological
systems. To examine the ability of polyhydroxylated mole-
cules to bind boronate-containing proteins, we first synthe-
sized a glucamine-functionalized fluorescent reporter. NHS-
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Figure 2. a) Structures of glucamine (2), fluorescein—glucamine probe
(3), and immobilized glucamine affinity purification resin (4;
XUS43594.00 Dow Chemicals). b) Selective fluorescent labeling of Z-
domain-K7(1) (solid line) over Z-domain-K7Y (dotted line) with
fluorescein—glucamine dye (3). c) Affinity purification of 6XHis tagged
Z-domain-K7(1) using nickel-NTA resin or boronate affinity resin (4).
Lane 1: protein markers; lane 2: flow through of Ni-NTA purified
protein; lane 3: elution of Ni-NTA purified protein; lane 4: flow
through of boronate affinity resin; lane 5: 200 mm hydrogen peroxide
elution of boronate affinity resin; lane 6: flow through of boronate
affinity resin; lane 7: 1 m sorbitol elution of boronate affinity resin. Z-
domain is indicated by the arrow.

Z-domain-K7(1)

fluorescein was conjugated to glucamine in DMF quantita-
tively in one step to afford dye 3 (Figure 2a) which was then
incubated with T4 lysozyme containing the boronate amino
acid at position 82 (or tyrosine at the same location as a
negative control) in 50 mm CHES buffer, pH 8.5. After 1 h at
room temperature, excess dye was removed by exhaustive
washing in a 10kDa molecular weight cutoff Amicon
centrifugal filter device and fluorescence was imaged. As
shown in Figure 2b, only protein containing the boronate
amino acid showed fluorescence after labeling. The yield of
this protein labeling was determined to be approximately
61 % based on the absorbance of the dye at 494 nm (g4, ~
68000 cm'M™') and of the protein at 280nm (ey, =~
24750 cm 'M™'). Yields were lower than expected due to
slight air oxidation of the boronic acid under these conditions.
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We next asked whether this chemistry could be used as a
general strategy for the affinity purification of protein from
cell lysates. XUS43594.00 resin (4) from Dow Chemicals is an
N-methylglucamine conjugated resin (Figure 2a) designed
for the removal of free borate from water supplies. To test
whether a boronate amino acid would be sufficient for the
affinity purification of a protein, 6XHis tagged Z-domain with
either 1 or tyrosine at position 7 was expressed. After
overnight expression in 2xYT media, clarified cell lysates in
50 mm CHES bulffer, pH 8.5, were incubated with N-methyl-
glucamine resin (4) for 4 h at room temperature before being
loaded onto a disposable polypropylene column and washed
exhaustively with a high salt (1m NaCl) wash buffer to remove
any proteins that may bind to the resin through nonspecific
interactions. The resin was then split and protein was eluted
by the addition of excess sorbitol (1m) or by oxidation of the
boronate to tyrosine using excess hydrogen peroxide. As
shown in Figure 2¢ (lanes 5 and 7), Z-domain protein was
isolated in high purity using either elution condition. Purifi-
cation yields were comparable to that using Ni-NTA/His Tag
purification (Figure 2c¢, lane 3). Of 1 mg of the Z-domain-
K7(1) loaded onto 3 mL of the N-methylglucamine resin,
0.96 mg of protein was recovered in the sorbitol elution
fraction corresponding to >95% protein recovery. Mass
spectral analysis of the purified protein showed that protein
eluted using high concentrations of competing sorbitol
contained the unmodified boronate amino acid whereas
hydrogen peroxide elution yielded exclusively protein con-
taining tyrosine at that position (Figures S4a and S4b). No
protein was found in either N-methylglucamine elution
fraction when tyrosine was used in place of the boronate
amino acid (Figure S5, lanes 5 and 7). It is significant to note
that due to the ability of 1 to be oxidized or reduced to
tyrosine or phenylalanine, respectively, this methodology
allows the purification of native protein sequences. In one
step, a protein can be isolated based on the unique chemistry
of the nonnatural amino acid alone without the need for
commonly used protein affinity tags such as 6XHis or fusion
proteins. Selective oxidation can be subsequently used to
generate a tyrosine residue, yielding a native protein
sequence with no modification remaining from the purifica-
tion process.

Finally, we explored the palladium mediated Suzuki
coupling between boronate containing proteins and a fluo-
rescent aryliodide reporter based on the bodipy scaffold (5)
(Figure 3a). The synthesis of 5 was carried out by using a
previously reported method with minor modifications.”"
Suzuki couplings with proteins have already been reported
with a synthetic W-domain peptide containing a p-iodophe-
nylalanine nonnatural amino acid and a fluorescent boronic
acid compound in the presence of a water soluble palladium
catalyst (Na,PdCl,)."? In addition Kodama etal. have
demonstrated the first example of a palladium catalyzed
organometallic reaction on a biosynthetically incorporated p-
iodophenylalanine amino acid.*® To achieve Suzuki coupling
of 5 with T4L-A82(1), a variety of basic buffered solutions
and palladium catalysts were screened. In the end, coupling
was achieved in moderate (ca. 30%) yield using the Pd’
dibenzylidene acetone (Pd-DBA) catalyst in 20 mm EPPS,
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Figure 3. a) Structure of iodinated bodipy reporter molecule. b) Suzuki
coupling of 50 pm T4L-A82(1) to 1 mm reporter molecule 5 in 20 mm
EPPS, pH 8.5, 70°C, for 12 h in the absence (—) or presence (+) of

1 mm Pd-DBA. Top: bodipy fluorescence; bottom: coomassie staining
of the same gel.

pH 8.5, at 70°C (Figure 3b); no coupling between the
boronate protein and bodipy 5 was observed in the absence
of palladium catalyst. The high temperature needed to attain
significant cross-coupling may preclude this as a general
strategy for the site selective labeling of proteins as many
proteins are not stable at these conditions. The development
of more efficient water soluble palladium catalysts may
improve this reactivity significantly.®*>

In summary, we have demonstrated the successful addi-
tion of the boronate functionality to the genetic code of E. coli
in high yield and efficiency in response to the amber stop
codon (TAG). The biosynthetic incorporation of this amino
acid into proteins allows for selective chemistry on the protein
surface including oxidation, reduction, Suzuki coupling
reactions, as well as the formation of covalent boronic esters
with polyhydroxylated compounds. We have also shown that
this amino acid can be used in concert with a polyhydroxyl-
ated solid support to purify native protein sequences in a one
step scarless affinity purification procedure. Furthermore, the
ability of boronic acids to bind diols and reactive serine
residues suggests that this technology could lead to the
development of boronate-containing antibodies that specifi-
cally recognize and covalently bind various glycoproteins or
proteases. It should also be possible to form intramolecular
serine-boronate crosslinks in proteins to enhance stability.
And finally, the unique chemistry of this functionality may
allow for the in vivo labeling of boronate containing proteins
with polyhydroxylated reporter molecules.

Experimental Section
Materials and Methods can be found in the Supporting Information.
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