ChemCatChem

W) Check for updates

Research Article

doi.org/10.1002/cctc.202401958

Chemistry

Europe

www.chemcatchem.org

Chemoenzymatic Cascade Synthesis of Metal-Chelating

o-Amino Acids

Sophie H. Young,'? James S. Andon,®! Jooyeon Lim,!?) Mareena C. Franke,'! Daniel J. Weix,?!

Tina Wang,! P! and Andrew R. Buller[: P!

Metal-chelating noncanonical amino acids (ncAAs) are uniquely
functional building blocks for proteins, peptide catalysts,
and small molecule sensors. However, catalytic asymmetric
approaches to synthesizing these molecules are hindered by
their functional group variability and intrinsic propensity to lig-
ate metals. In particular, bipyridyl-L-alanine (BpyAla) is a highly
sought ncAA, but its complex, inefficient syntheses have limited
utility. Here, we develop a chemoenzymatic approach to effi-
ciently construct BpyAla. Three enzymes that can be produced
in high titer together react to convert Gly and an aldehyde

1. Introduction

Metal-chelating amino acids have a wide variety of applications,
including protein assembly, metal sensors, and catalysis."™®! Of
these metal-chelating noncanonical amino acids (ncAAs), the
2,2"-bipyridyl alanine (BpyAla) is preeminent. This side chain can
bind a variety of metals, and the twisted bite angle of the
two pyridine rings promotes a variety of highly sought cat-
alytic transformations.”? Synthetic biology efforts with BpyAla
have been facilitated by the high-quality aminoacyl-tRNA syn-
thetase/tRNA pairs, which allow for incorporation through amber
stop codon suppression (Figure 1)..8-°! Artificial metalloenzymes
featuring BpyAla have existed for over a decade, and yet only
a handful of transition metal reactions have been translated
to the enzyme active site."®™! The limited implementation of
BpyAla sharply contrasts 2,2" bipyridine’s vast utility in organic
synthesis. One recurring obstacle to the application of BpyAla
is that previous syntheses are multi-step, low-yielding, and suf-
ficiently tedious so as to limit implementation. Were a more
streamlined methodology available to access BpyAla and related
metal-chelating amino acids, research groups could more eas-
ily translate the immense reactivity space afforded by transition
metals into protein active sites.
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into the corresponding B-hydroxy ncAA, which is subsequently
deoxygenated. We explore approaches to synthesizing biaryl
aldehydes and show how the three-enzymatic cascade can
access a range of a-amino acids with bulky side chains, includ-
ing a variety of metal-chelating amino acids. We show that newly
accessible BpyAla analogues are compatible with existing amber
suppression technology, which will enable future merging of tra-
ditional synthetic and biosynthetic approaches to tuning metal
reactivity.

The current approach to noncanonical amino acid incor-
poration involves supplementing a modest concentration (typ-
ically 1 mM) of the desired ncAA to media upon induction
of the corresponding noncanonical tRNA synthetase.®®! For
small-scale protein expressions <100 mL, traditional synthetic
approaches, such as the Gabriel synthesis or Negishi coupling,
are sufficient.””>! These syntheses require 4-5 steps, rely upon
pyrophoric reagents, and tend to yield modest quantities of
racemic amino acid.®'®"®! The intense material demands of
larger (>100 mL) protein expression cultures, which are essen-
tial for preparative-scale biocatalysis, make previous approaches
to ncAA synthesis tedious, at best, and untenable at worst. We
posit that these material limitations to the production of BpyAla
underlie the current underrepresentation of novel genetically
encoded metal-coordinating protein scaffolds.

An alternative approach to amino acid synthesis is to use
enzymes. A variety of single-enzyme ncAA synthases have been
developed in the past decade and have delivered a variety of
ncAAs with good scale, yield, and selectivity.®-%!

Crucially, when these enzymes afford access to aromatic
amino acids, they are typically limited in size to substituted L-
tryptophans and smaller aromatic rings. We recently reported
two PLP-dependent aldolases that react with the bulky bipheny-
laldehyde to access - and y-hydroxy ncAAs.?>?°! The exten-
sion of reactivity to access undecorated BpyAla using a single
enzyme is an attractive target but would require the devel-
opment of new mechanisms. An alternative approach is to
combine multiple enzymes together into a single cascade to
access metal-chelating ncAAs.

Biocatalytic cascades leverage a series of coupled enzymatic
reactions, which enables a one-pot reaction scheme.””! Products
of one reaction serve as substrates to the next, thus minimiz-
ing losses associated with workup and isolation. Further, a key
advantage of biocatalytic cascades is the coupling of low yield-
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Figure 1. Overview of bipyridyl alanine and previous synthetic approaches. (A) Structure of |-BpyAla and proteins containing this unique metal-chelating
moiety. PDB ID right: 2PXH and left: SEIL. (B) Previous synthetic route deployed by Xie et al.[” (C) Synthetic biology route to in vivo production of amino

acids by Song et al.!*! (D) Strategy proposed here.

ing reactions to thermodynamically favorable reactions to drive
yields through Le-Chatelier’s principle.’®! While none of the pre-
vious cascades have been demonstrated to access amino acids
with the large steric profile of the BpyAla sidechain,'””! Song
et. al made a major advance in the synthesis of unbranched
ncAAs.? They identified aldehydes as an ideal staring material,
as they are cheap, stable, and diverse analogues are available.[?’’
Aldol addition using a pyridoxal phosphate (PLP)-dependent I-
threonine aldolase readily affords a f-hydroxy amino acid.”®! The
B-hydroxy amino acid is then dehydrated with a PLP-dependent
threonine dehydratase,*°! which catalyzes elimination of the
hydroxy group to generate a dehydroamino acid that subse-
quently tautomerizes and hydrolyzes to yield an a-keto acid.*"
Last, the w-amine is re-introduced either by enzymatic reductive
amination or transamination. The PLP-dependent transaminase
relies on a variety of sacrificial amine donors to directly yield
the desired a-amino acid product. This retrosynthetic strategy
represents a significant conceptual advance in amino acid syn-
thesis. However, the cascade was demonstrated with a modest
set of aldehydes and none that had large bicyclic or biaryl side
chains associated with privileged metal chelating motifs. Addi-
tionally, enzymes were deployed in a whole-cell context that
required dosing substrate over 40 h./”) [dentification of enzymes
that can operate with bulky, metal-chelating motifs on the scales
required for practical use in heterologous expression remains an
outstanding challenge.

Herein, we identify a set of complementary PLP-dependent
enzymes that synthesize a variety of metal-chelating ncAAs in
a one-pot tandem cascade reaction. Each enzyme can oper-
ate under synthetically demanding conditions and tolerate high
concentrations of aldehyde (50 mM) as the side chain donor.
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As this synthesis proceeds without protecting groups, the crude
cascade mixture could be used as a source of bipyridyl alanine
without further purification for use in ribosomal translation using
genetic code expansion technology. Additionally, some of the
novel ncAAs showed promiscuity with the Bpy synthetase-tRNA
system in vivo expanding the toolkit of metal ligands in proteins.

2. Results and Discussion

2.1. Synthesis of Bipyridylaldehyde

We began our chemoenzymatic pursuit of BpyAla with con-
sideration of the corresponding [2,2"-bipyridine]-5-carbaldehyde
(Bpy aldehyde). While this molecule is commercially available,
the cost is relatively high, and use on the scale would ben-
efit from ready access. Traditional approaches for synthesis of
biaryl compounds, such as Suzuki-Miyora coupling, rely on
aryl boronic acids.*? However, 2-pyridyl boronic acids undergo
rapid proto-deborylation, preventing this route.**’ We instead
relied on a simple, albeit slow, one-step Stille coupling yielding
the corresponding aldehyde in 60% isolated yield from read-
ily available starting materials (see Supporting Information).’
While this route is serviceable, the use of a neurotoxic organ-
otin reagent leaves much to be desired. An alternative, less
toxic route was explored leveraging cross-electrophile coupling.
An acetal-protected 6-bromonicotinaldehyde and 2-pyridyl tri-
fluoromethanesulfonate were coupled using Ni-Pd chemistry,
affording 1in 28% yield, providing a greener alternative synthetic
route. With the aldehyde in hand, we investigated the ability of
enzymes to engage this bulky aldehyde.

© 2024 Wiley-VCH GmbH

85U80|7 SUOWWOD aA a1 3|qed! dde a3 Aq pausenob afe sejolie YO ‘SN JO s8Nl 10} ArIqIT8UIUO A8]IM UO (SUORIPUCD-PUB-SWLRY/LI0D" A3 |1 Afe1q 1 [BU1 UO//:SANY) SUORIPLOD PUe SIS 18U} 89S *[5202/T0/02] Uo A%eiqiTauliuo 8|1 ‘UcsIpe A - USUOSSIA JO A1sieAlun Ad 856TOFZ0Z 2199/200T 0T/I0p/w0d A8 i Areiq i put|uo-adoune-Asiweyd;/sdny wo.j pepeo |UWJIJ ‘0 ‘668£298T



Research Article

ChemCatChem

doi.org/10.1002/cctc.202401958

Chemistry
Europe

European Chemical
Societies Publishing

Pyridoxal-phosphate aldolase dependent p-hydroxy BpyAla synthesis
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Figure 2. Selection of C—C bond-forming pyridoxyal-dependent aldolase. Both TmLTA and ObiH catalyzed the formation of S-hydroxy BpyAla with an
appropriate amino acid donor. Addition of a reducing system (RS) to remove acetaldehyde from the ObiH reaction improved yields. The potential for
formation of diverse shunt products from ObiH catalysis (purple) directed us to use TmLTA for subsequent work.

2.2. Identification of a 8-Hydroxy BpyAla Synthase

Previous in vivo cascades utilized L-threonine aldolase (LTA)
from Pseudomonas aeruginosa.”’’ While this enzyme is highly
stereoselective,® it has only modest thermal stability and
expression in E. coli. To address these limitations, we considered
two alternative enzymes. A homologous LTA from Thermatoga
maritima (TmLTA) was selected for its exceptional thermal sta-
bility and high expression in E. coli. This enzyme was shown
to have modest activity with nicotinaldehyde, but activity with
large biaryl aldehydes was unknown.’**) We also considered an
L-threonine transaldolase, ObiH, originally found in the obaflu-
orin biosynthetic pathway in Pseudomonas fluorescens.!¥’8 We
and others have shown that ObiH has high expression titers in E.
coli, albeit with comparatively moderate thermostability.[2>39-42]
Crucially, ObiH was previously reported to react with a bulky
biphenyl 4-carboxaldehyde, which has a similar steric profile to
Bpy aldehyde.[”!

TmLTA and ObiH were heterologously expressed and purified
to assess activity with the Bpy aldehyde. Analytical scale reac-
tions were evaluated by LC-MS analysis, which indicated ObiH
reacted to form B-hydroxy-BpyAla (Figure S1). We tested the
impact of an acetaldehyde reduction system (NAD+, ammonium
formate, alcohol dehydrogenase, and formate dehydrogenase)
and assessed the impact on product formation via Marfey’s
analysis.l*? In line with previous work,* we have observed a
dramatic increase in product formation upon the addition of a
two-enzyme system to reduce the acetaldehyde byproduct of
the ObiH reaction. This reducing system (RS) provides a strong
thermodynamic driving force and provides a kinetic benefit by
preventing inhibition by acetaldehyde. When TmLTA was assayed
under analogous conditions, it produced the corresponding g-
hydroxy-ncAA, albeit in lower yield. Nevertheless, consideration
of the next steps in the target cascade and prior literature on
these families of enzymes strongly recommended the use of
TmLTA for subsequent development.
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The target cascade relies on a PLP-dependent dehydratase
that could act on either Thr or B-hydroxy-BpyAla. Activity on
Thr, however, would deplete starting material and generate «-
keto butyrate, which would subsequently compete in the final
transamination step (Figure 2). In this context, TmLTA has a
unique advantage because it uses Gly as the donor amino acid,
which avoids potential downstream incompatibilities (Figure 2).
Dehydratases are also syn-stereoselective,*! and each aldolase
produces both isomers.[?>3¢1 While the slow epimerization of
ObiH is advantageous for stereoselective B-hydroxy-ncAA syn-
thesis, it may interfere with the envisioned cascade. Based on
these considerations, TmLTA was chosen for subsequent cas-
cade development, and we next searched for -hydroxy amino
acid dehydratases that could operate under compatible reaction
conditions.

2.3. Cascade Synthesis of a-Keto Acids

Three dehydratases were evaluated for cascade reactivity with
TmLTA. Two threonine deaminases, from Thermotoga mar-
itima (TmTDA) and Thermus thermophilus (TtTDA), as well as
a phenylserine dehydratase from Ralstonia pickettii (RpicPSD),
were expressed in BL21 (DE3). No TmTDA was isolated; how-
ever, RpicPSD and TtTDA were expressed in high titer, >100 mg
protein/L culture. These soluble dehydratases were subse-
quently screened in cascade with TmLTA using three equivalents
of glycine. TtTDA was attractive because, as a thermostable
enzyme, it has high activity on Thr at elevated temperatures
(Figures 3 and S2).

However, TtTDA had only trace activity on the bulky g-
hydroxy BpyAla (Figure 3).! In contrast, cascade reactions of
RpicPSD at 37 °C had nearly complete conversion of alde-
hyde, and BpyAla was formed with an analytical yield of 85%
(Figure 3). RpicPSD was therefore selected for a brief reac-
tion yield optimization. We found that product formation was
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Figure 3. Dehydratase screening for formation of Bpy «-keto acid. Two dehydratases were tested in a cascade with TmLTA. TtPSD was screened at 65 °C,
where threonine dehydration was maximized, while RpicPSD was screened at 37 °C. TtPSD was found to stall at Bpy B-hydroxy amino acid, while RpicPSD

carried the reaction to near completion and high yield, 85%.

relatively insensitive to catalyst loadings >1 mol % and that the
equivalents of Gly could be reduced to two (Figure S3).

2.4. Identification and Optimization of a Cascade-Compatible
Transaminase for BpyAla Synthesis

We pursued a transaminase approach to convert Bpy a-keto
acid into the target BpyAla and searched recent literature on
preparative scale biocatalysis with aromatic amino acid transam-
inases. Two exemplary candidates were identified, Pyrococcus
horikoshii aromatic amino-acid transaminase (PhATA) and Ther-
mus thermophilus aromatic amino-acid transaminase (TtATA).
Each transaminase was tested in a cascade with TmLTA and
RpicPSD on Bpy aldehyde. Transamination is often close to ther-
moneutral, relying on high concentrations of a sacrificial amino
donor. We screened glutamine as a “smart” amine donor, whose
corresponding «-keto acids undergoe subsequent cyclization
that serves as a thermodynamic driving force for the reaction.[®*
Using GIn, TtATA was found to have high activity at low (0.025%)
catalyst loading. However, PhATA was found to express at a 4-
fold higher titer and was able to achieve comparable yields at
0.05% catalyst loading (Figure S4) and was therefore selected as
the final enzyme in the cascade (Figure 4).

Optimization of catalyst loading and glutamine equivalents,
along with a pH and temperature screen (Figure S5), resulted
in a cascade that delivered the desired BpyAla in 66% assay
yield. To better understand the limitations of this cascade, we
conducted a time course over 24 h. At 6 h, all aldehydes had
been consumed with only the corresponding Bpy «-keto acid
and BpyAla mass peaks appearing. The reaction reaches equi-
librium within 12 h with only «a-keto acid remaining as an
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Figure 4. Time course analysis of complete three-enzyme cascade.
Interconversion of intermediates was observed for the full cascade across
24 h. Bpy aldehyde (1) was observed to rapidly deplete with no significant
buildup of B-hydroxy amino acid. a-ketoacid (3) conversion to BpyAla (4) is
the rate-limiting step of the cascade.
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intermediate (Figure 4). These data, therefore, reveal that
transaminase equilibrium as the bottleneck to be addressed
in future studies. For the present work, the 56% yield using
only three high-expressing PLP-dependent enzymes represents
a substantial advance over previous methods, and we contin-
ued to preparative scale demonstrations of reactivity with Bpy
aldehyde and other, related metal-chelating motifs.

2.5. Preparative Scale Synthesis of BpyAla

With a functional cascade in hand, we scaled up a set of rep-
resentative ncAAs. Our first target, BpyAla, was produced on
multimmole scale in moderate yield, 508 mg in 56% yield, with
great enantioselectivity. Electronic and steric variations in the
metal-chelating moiety of the amino-acid are of special interest,
as tuning these factors leads to enhanced activity in a vari-
ety of synthetically useful transformations. A pyrazine analogue
2 of BpyAla was selected due to an additional nitrogen that,
were it incorporated into a protein, could serve as a potential
H-bond acceptor to tune electronic effects of the ligand. The
pyrazole analogue 3 has a smaller terminal ring system that
offers a wider bite angle for a potential metal. Deviating from a
biraryl steric profile, we also considered an 8-hydroxy-quinoline
motif, which was also readily accepted into the cascade. A
phenanthroline and terpyridine side chain were explored; how-
ever, both motifs were poorly tolerated and primarily remained
as the corresponding aldehydes with trace product formation
using terpyridine (Figure S6). Several haloaryls were also gen-
erated as a potential common synthon for generating a large
diversity of metal-chelating biaryl amino acids. All products were
made with a >19:1 enantiomeric ratio (e.r) ranging in low to
good yields, 20%-70% (Figure 5). We additionally synthesize
two nonmetal chelating ncAAs, for which tRNA-synthetase pairs
were previously developed.'>#! Biphenylalanine was produced in
good yield, 73%, despite the low aqueous solubility of the start-
ing aldehyde (<1 mg/mL). Reaction with m-nitro benzaldehyde
yielded photoactive Phe analogue, albeit in low yield.

2.6. Bpy Synthetase Promiscuity for Metal-Chelating Amino
Acids

We closed our exploration of metal-chelating ncAAs by prob-
ing the ability of these new BpyAla analogues to interface with
existing amber suppression technology.’®*! As a readout of ncAA
incorporation, a point mutant of sSfGFP was generated at position
D190 with an amber-stop-codon, D190*. Induction of sfGFP(190%)
in the absence of ncAA yielded little to no fluorescence due to
early termination during translation. In agreement with previous
works, the introduction of BpyAla to the medium along with the
induction of the corresponding BpyAla tRNA/synthetase leads to
the readthrough of full sfGFP and subsequent fluorescence. The
fluorescence counts of the sfGFP incorporating BpyAla closely
matched the wild-type sfGFP fluorescence, indicating high levels
of BpyAla incorporation (Figure 6). We screened the BpyRS/tRNA
pair with two BpyAla analogues, 2 and 3, and found that we
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Figure 5. Preparative-scale cascade synthesis of noncanonical amino acids.
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Figure 6. Amber suppression with new ncAAs bearing metal-chelating
motifs. Fluorescence of superfolder GFP (sfGFP) with the ncAA BpyA
incorporated at position 190. In the absence of amino acids, no
fluorescence is observed. In the presence of BpyAla (1), fluorescence is
restored. Weaker, but observable amber suppression was also observed in
the presence of analogues 2 and 3. Incorporation was confirmed through
top-down mass spectrometry. See Supporting Information for further
details.

were able to incorporate them into sfGFP, albeit to a lesser
extent (Figure 6). Mass spectrometry analysis of sfGFP(190%) con-
taining 1, 2, and 3 shows peaks corresponding to the expected
masses of sfGFP with the initiator methionine removed (Figures
S7-59). By simply adopting previously developed technology, we
were able to integrate new metal-chelating ncAAs into ribosomal
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translation. The ease of our biocatalytic method opens new
avenues for varying the electronic and geometric features at the
metal sites of artificial metalloproteins.

3. Conclusion

We report a three-enzyme cascade that converts readily available
amino acids and synthetically accessible aromatic biaryl metal-
chelating aldehydes to yield novel metal-chelating amino acids.
Each enzyme can be accessed in high titer, >100 mg protein
L-1 culture, and this chemoenzymatic approach operates with
minimal workup. Further, the aromatic amino acids produced
are easily isolated through reverse-phase chromatography. This
modular chemoenzymatic approach to BpyAla may lower the
barriers to future work with this costly amino acid. This work also
enables the development of artificial metalloenzymes to tune
the electronic and steric environment of the metal-chelating
moiety. Promisingly, we found that two such BpyAlal analogues
can be incorporated into a model protein using amber stop
codon suppression with the system previously developed for
BpyAla. This work opens the way for more streamlined produc-
tion of this privileged ligand and enables new opportunities to
develop tunable metal-chelating motifs in protein engineering.
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