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Site-specific genetic incorporation of unnatural p-halophenyl-
alanine amino acid residues as ‘tags’ coupled with Pd(0)-
mediated Suzuki—-Miyuara ‘modification’ has been enabled by
discovery of an effective small molecule palladium scavenger.

The modification of proteins is a key process in living cells,
greatly increasing diversity in protein functionality and structure.
Yet our ability to model and mimic such modifications is
limited by the relatively small number of bio-orthogonal and
site-selective synthetic methodologies that are available.'-

Traditionally, protein modification has been carried out at
nucleophilic cysteine® or lysine residues.* However, in recent
years a number of reactions have been developed, that allow
site-selective modification at unconventional residues.
Amongst the most attractive of these modifications are transition
metal-catalysed reactions.” The reactive groups associated
with such reactions are not commonly found in proteins
and, through manipulation of metal and ligands, high
conversions under mild conditions and with high functional
group tolerance can be achieved.

We have previously demonstrated the utility of transition
metals in protein modification. For instance, Ru-catalysis in
protein olefin metathesis was achieved at privileged allyl
chalcogenide containing amino acid residues.®® In addition,
a convenient, water-soluble palladium catalyst was recently
developed for Suzuki—-Miyaura cross-couplings at a cysteine-
linked aryl halide. This catalyst’s use in small molecule synthesis
was also demonstrated.” Although related cross-couplings
have previously been reported on proteins containing genetically
incorporated coupling partners, they have suffered from low
conversions (2% for Heck and 25% for Sonogashira
couplings),'®'! or the requirement of high temperatures.'?
Our initial report on Suzuki-Miyaura coupling was the first
instance where cross-coupling had proceeded to full conversion
on a protein substrate. To demonstrate the suitability of cross-
coupling on proteins, the aryl halide was installed chemically.
For more general application of such couplings it is desirable,
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however, to employ genetically encoded coupling partners. In
doing so, this highly selective carbon—carbon bond formation
could have potential in vivo applications. However, efficient
cross-couplings at genetically encoded aryl halides remain an
unsolved problem despite being first envisaged over a decade
ago."”

A number of developments in the field of synthetic biology
have allowed the genetic incorporation of such haloaryl amino
acids through use of auxotrophic strains, and the expansion of
the genetic code through amber stop codon suppression, and
codon expansion.*'*'7 In particular, the incorporation of
p-iodophenylalanine (pIPhe) has been well documented in a
range of proteins, with high fidelity and protein yields
approaching those of the wild-type.'®2°

We report here the incorporation of pIPhe into the model
maltose binding protein (MBP) using UAG stop-codon
suppression, and the use of this protein to explore Suzuki—
Miyaura couplings on a protein surface as part of a general
tag-and-modify strategy (Scheme 1).2! We also demonstrate
the use of a scavenger, 3-mercaptopropionic acid (3-MPrAc),
to remove palladium from samples allowing ready and accurate
monitoring and optimization of these protein reactions. We
finally demonstrate the first Suzuki-Miyaura coupling at a
genetically incorporated aryl halide, resulting in high conversion
under ambient conditions.

In this study, His-tagged MBP was used as a model protein,
due to its high stability and solubility.?>** MBP is a widely
used protein, especially as a fusion construct. Importantly,
both MBP and Hisg are sequences that are widely used in
protein constructs. Using the pDB-His-MBP vector as a starting
point, an amber stop codon was installed at sites corresponding
to residue E13 by site-directed mutagenesis to generate the
mutant plasmid pMBP-E13°. This site was chosen as the
crystal structure of MBP indicated that this residue was
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Scheme 1 Tag-and-modify strategy utilizing genetically incorporated
p-halo-Phe as the ‘tag’ and Suzuki-Miyaura cross coupling as the
‘modify’ steps, respectively.
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solvent accessible.”> This plasmid was then co-transformed
into E. coli with a pEVOL plasmid.?® This second plasmid
codes for a mutant ""tRNA/tRNA synthetase pair that when
expressed allows for suppression of the UAG amber codon at
site E13® with a tRNA charged with pIPhe such that this ‘stop’
codon is instead translated as pIPhe.® The resulting protein
product MBP-E13* (1) was expressed in good yields
(14 mg L") and high fidelity (Fig. S1, ESIY; in the absence
of pIPhe no protein expression was observed).

With this site-selectively tagged protein in hand we examined
its reactivity with Pd under various conditions. However, for
certain reactions dramatic losses of signal intensity were
observed, such that precise reaction monitoring by mass
spectrometry was rendered difficult. To determine the potential
sources of this signal loss, either loss of protein during reaction
(through degradation or precipitation) or simply signal
suppression (through reduced ionization or the nonspecific
co-ordination of multiple metal cations to the protein surface
generating many adduct isoforms, each at small quantities that
are undetectable) we first investigated the product of reactions
with Pd. SDS-PAGE showed no significant loss of protein at
500 equiv. of palladium (see ESIT). Similar observations were
made with other proteins equine myoglobin (Fig. la—d) and
the model protein Np276 (Fig. le), from Nostoc punctiforme.
In the latter, the direct observation of small number adduct
isoforms (corresponding to mono- and di-co-ordination) at
low Pd concentrations strongly supported the second (metal
suppression) hypothesis.

This problem of non-specific metal binding to proteins has
been previously discussed by Francis and Antos.’ It is
important to note that this is a problem that is not specific
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to palladium catalysis, but is potentially relevant to all work
utilising transition metals, or other Lewis acidic species, and
may hinder future work in metal-catalyzed protein modification.
We therefore looked to identify scavengers that might
co-ordinate the palladium more strongly than the protein,
and therefore remove it from the protein surface. In addition
to allowing reaction analysis, such scavengers could in future
be used for reaction purification via dialysis or size-exclusion
chromatography. This scavenging therefore makes such
reactions applicable to therapeutic proteins. Scavenging
experiments were initially undertaken on the readily available
protein equine myoglobin which is commonly used as a
reference in LC-MS analysis.

EDTA, a common hexadentate chelating ligand, was the
first potential scavenger to be identified.** DTT was also
chosen, as it contains two nucleophilic thiol residues and is
also compatible with proteins as shown by its use as a reducing
agent. Additionally, cysteine was seen as a potential scavenger
and has been used previously to greatly reduce palladium
contaminants in small molecule synthesis.>> However, none
of these ligands showed any positive effects on the protein MS
trace over a range of concentrations. Amongst the other
ligands considered, 3-mercaptopropionic acid (3-MPrAc) has
previously been used conjugated to magnetic nanoparticles to
co-ordinate palladium.?® We speculated that this material
could form a 6-membered chelate to a metal centre. Gratifyingly,
it was found that when this ligand was used as a scavenger, a
strong re-emergence of the protein ion series was observed
(Fig. la-d). A scavenger concentration of 4.4 pmol mL™'
(3 equiv. w.r.t. Pd), added as a dilute solution (5 pL mL™") in
water to ensure accurate titration, was found to be optimal for
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Fig. 1 (a) Addition of 500 equiv. palladium catalyst 3 to equine myoglobin, followed by addition of the scavenger 3-MPrAc, (b) total ion
chromatogram of pure protein (left), protein in the presence of 500 equiv. Pd (middle), and after titration with 3-MPrAc (right), (c) corresponding
ion series at time of protein elution, (d) corresponding deconvoluted mass chromatogram, (e) deconvoluted mass spectrum of Np276 in the

presence of Pd showing discrete mono- and di-coordination of Pd.
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Scheme 2 Coupling of furan-3-boronic acid to MBP-E13°. (a) t = 0,
(b)yt=1h,(c)t =2h.

myoglobin (I mg mL™") (see ESI%). A diad of 3-MPrAc with a
propane linker, 2, was also synthesised, and showed similar
scavenging ability at double the number of equivalents.

Now in a position to more readily investigate Suzuki—
Miyaura couplings directly on proteins, this system was
applied to MBP. Initial experiments showed optimal conditions
to be highly dependent on both palladium and boronic acid
concentrations. We chose to use furan-3-boronic acid as our
coupling partner, as we had previously observed a high
coupling rate and efficiency in model reactions (Scheme 2).°
Gratifyingly, at 50 equiv. of Pd, and 680 equiv. of boronic
acid, 50% conversion was observed at 37 °C after 1 hour
(Scheme 2b). After 2 hours, complete conversion to the cross-
coupled product was observed (Scheme 2c¢). In the absence of
either palladium or boronic acid no reaction was observed,
consistent with the proposed coupling mechanism. In addition, in
the absence of 3-MPrAc no discernable protein peak could
be observed by LC-MS, indicating the critical use of the
scavenger during reaction analysis (see ESI¥).

In conclusion, we have developed a method for scavenging
palladium from protein surfaces using the ligand 3-MPrAc.
This scavenging was essential for LC-MS analysis of the
Suzuki-Miyaura cross-coupling. We then used this technique
to undertake and optimize the first reported full-conversion
Suzuki-Miyaura coupling on a protein at a genetically
incorporated amino acid. This reaction did not require elevated
temperatures or mixed solvents, and proceeded to completion
in 2 hours. This site-specific reaction is an addition to the ‘tool-kit’
for protein modification, and also allows the formation of
structures previously difficult to produce by conventional
methods. For example, the furano-phenylalanine created here
on MBP has not been previously incorporated by any other
means, and exhibits a unique spectral signature which may
prove useful for protein tracking. The work presented here
generalizes Suzuki-Miyaura couplings on proteins and makes
it more applicable as a methodology for chemical post-
translational modification. In particular, the use of boronic

acids as coupling partners opens up the possibility of installing
hydrophobic groups onto a protein surface, without the need
for organic solvents or denaturing conditions.>’

We are now working towards unlocking the potential of
Suzuki-Miyaura couplings, and investigating their scope for
modification of proteins. We are particularly interested in the
installation of hydrophobic groups, and the formation of
bi-aryls as a method for fluorogenic protein labelling. We
thank Prof. P.G. Schultz for donation of pEVOL (pIPhe)
plasmid, Justin M. Chalker, Drs Huiwang Ai, Mark
Batchelor, John Porter and Rikki Alexander for helpful
discussions, and UCB and BBSRC for funding. BGD is a
Royal Society Wolfson Research Merit Award recipient and is
supported by an EPSRC LSI Platform grant.
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