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Stereoselective biocatalytic a-deuteration of diverse .-amino
acids by a PLP-dependent Mannich cyclase

Jinmin Gaol@l, Chen Zhoul@, Yang Hail@
[AlDepartment of Chemistry and Biochemistry, University of California Santa Barbara, Santa
Barbara, CA, 93106, United States

Abstract

a-Deuterated amino acids are valuable building blocks for developing deuterated drugs, and are
important tools for studying biological systems. Biocatalytic deuteration represent an attractive
strategy to directly access enantiopure a-deuterated amino acids. Here, we show that a PLP-
dependent Mannich cyclase, LolT, involved in the biosynthesis of loline alkaloids, is capable

of deuterating a diverse range of L-amino acids, including basic and acidic, nonpolar and polar,
aliphatic and aromatic amino acids. Furthermore, complete deuteration of many amino acids can
be achieved within minutes with exquisite control on the site- and stereoselectivity. During the
course of this investigation, we also unexpectedly discovered that LolT exhibits B-elimination
activity with L-cystine and C-acetyl-L-serine, confirming our previous hypothesis based on
structural and phylogenetic analysis that LolT, a Ca-C bond forming enzyme, is evolved from

a primordial CB-S lyase family. Overall, our study demonstrates that Lol T is an extreme versatile
biocatalyst, and can be used for not only heterocyclic quaternary amino acid biosynthesis, but also
biocatalytic amino acid deuteration.

Graphical Abstract

hai@chem.ucsb.edu .

Supporting Information
The NMR spectra, mass spectra, and HPLC-traces were included in the Supporting Information.[30:
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A PLP-dependent Mannich cyclase LolT is repurposed for a-deuteration of amino acids.
Complete deuteration can be achieved with diverse L-amino acids bearing assorted functional
groups, e.g. from lysine to glutamic acid. The broad substrate scope and strict stereoselectivity
make LolT a powerful biocatalyst for preparation of a-deuterated L-amino acids.
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Introduction

Deuterated compounds have very different chemical and physical properties from their
nondeuterated counterparts, and have found wide applications in chemistry, biology,

and medicine.[!] Deuterated amino acids can help to improve signals in protein NMR
spectroscopy,[2] and are essential tools for protein neutron crystallography.3! Due to the
kinetic isotope effect, deuterated drugs often have slower metabolism and extended half-
lives in vivo, maintaining potency but allowing for lower doses.[4] As a result, deuterium
incorporation plays a very important role in drug discovery: to date two deuterated drugs
have been approved by FDA (e.g. deutetrabenazinel®] and deucravacitinib[®l) while many
others are currently under clinical trials.[”]

The importance of deuterated compounds has hence spurred great interests to develop
synthetic methods to incorporate deuterium into common building blocks. Although a few
chemical approaches have been developed to achieve direct stereoselective a-deuteration

on unprotected a-amino acids, such as organocatalysis, €] and metal-dependent C-H bond
activation,[®] these methods often have limited functional group tolerance, incomplete
deuteration, and sometimes modest site- and/or stereoselectivity. In comparison, biocatalytic
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deuteration represents an attractive strategy and offers several advantages, including
excellent selectivity, green and sustainable reaction conditions.[1% In particular, enzyme
catalyzed facile H/D exchange can efficiently incorporate deuterium from D50, an
inexpensive deuterium source.

Pyridoxal 5’-phosphate (PLP)-dependent enzymes are such enzymes. They are known to
catalyze reversible deprotonation of amino acids with help from the PLP cofactor, which
acts as an electron sink to stabilize corresponding carbanion intermediates.[*1] Several PLP-
dependent enzymes have been utilized for biocatalytic preparation of deuterated amino
acids. For example, L-allo-isoleucine epimerase DsaD/DsaE system was recently used

to prepare a/B-deuterated hydrophobic L-amino acids;[*2] and an a.-oxoamine synthase
from saxitoxin biosynthetic pathway was capable of producing few a-deuterated L-amino
acids and a relatively broad panel of a.-amino acid methyl esters.[13] However, practical
applications of these enzymes are still limited to deuteration of amino acids whose
structures resemble enzymes’ native substrates.[14] Although PLP-dependent transaminases
and racemases have broader substrate tolerance,[*®] and have been shown to catalyze
amino acids deuteration,[16] unfortunately these enzymes rarely have control over site- and
stereoselectivity. Therefore, there is still an unmet need to expand the current toolbox of
deuteration biocatalysts.

Recently our group reported the discovery of a C-C bond forming PLP-dependent
enzyme, LolT, involved in the biosynthesis of loline alkaloids.[17] We showed that LolT
catalyzes Mannich-type 5-endo-trig cyclization transforming an iminium amino acid 1 to
a pyrrolizidine quaternary amino acid 2 (Figure 1a). Besides, we also demonstrated that
LolT is a highly versatile cyclase in that it can also catalyze two-component Mannich
cyclization reactions using various diamino acids and aldehydes as substrates, resulting

in the biosynthetic formation of a variety of pyrrolidine and piperidine-based quaternary
amino acids (e.g, 3 and 4, Figure 1b). Structural and mechanistic study of LolT predicts
that in the absence of an imine or iminium electrophile, LolT should catalyze reversible
proton exchange at Ca of amino acid substrates in a stereoretentive manner (Figure

1c). Indeed, LolT was shown to stereoselectively a-deuterate L-diamino acids of varying
chain-lengths, including L-lysine, L-ornithine, L-2,3,-diaminobutanoic acid (L-Dab), and L-
diaminopropanoic acid (L-Dap).[1”] However, the promiscuous potential of Lol T-catalyzed
amino acid deuteration has not yet been revealed.

Motivated by the continuous need of new amino acids deuteration biocatalysts with broader
or complementary substrate scope while maintaining excellent selectivity, and encouraged
by the promising results from Lol T-catalyzed a.-deuteration of L-diamino acids, we set out
to test the possibility of repurposing LolT to deuterate a broad range of substrates beyond
diamino acids. Here, we show that LolT has impressively relaxed substrate specificity as it
is able to catalyze a-deuteration on almost all types of L-amino acids. More importantly,
rapid and complete deuteration can be achieved with exquisite site- and stereoselectivity.
The remarkable substrate promiscuity and high fidelity on stereochemical outcomes render
LolT as one of the most promising amino acids deuteration biocatalyst.
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Results and Discussion

Before we tested the substrate flexibility of LolT-catalyzed amino acid deuteration, we

first sought to engineer LolT to improve its stability, since in the previous investigation
precipitated proteins were often observed if purified LolT was left at room temperature

for overnight. Analysis of the crystal structure of #o/o-LolT (PDB entry 8DL5) reveals a
cysteine residue (Cys41) partially buried at the dimer interface forming a hydrogen bond
with the side chain from Ser67, a residue from the nearby monomer within the homodimer
(Figure S1). We envisaged that an isosteric replacement of Cys41 with Ser could potentially
strengthen this intermolecular hydrogen bond interaction due to increased electronegativity.
[18] |n addition, removing surface exposed cysteine residues can potentially facilitate protein
crystallization and improve protein crystal quality,[*%! which will simultaneously benefit our
on-going crystallographic study of LolT. Accordingly, we expressed and purified LolT-C41S
mutant using the previously described protocol.l}”] No protein precipitates were observed
with this mutant after overnight incubation at room temperature, suggesting C41S has
improved protein stability as we predicted. More importantly, C41S was also found to
exhibi higher a-deuteration activity with several L-diamino acids when compared to the
wild-type (WT) protein (Figure 2). Because of its superior performance, all the subsequent
characterizations were performed with C41S mutant instead of the WT protein.

Next, we assayed the deuteration activity of LolT with a panel of amino acids. All enzymatic
reactions were performed in D,O buffered with potassium phosphate. Reaction progresses
were monitored by using NMR spectroscopy and LC-MS at 28 °C (see supporting
information). As shown in Figure 3, most amino acid substrates showed modest to full

level of deuteration. Not only does LolT recognizes supposedly preferred cationic amino
acids, such as 5-11 and 20, but it can also efficiently deuterate amino acids whose physical
properties are distinct from Lol T’ s natural substrate 1. For example, neutral polar amino
acids 12-17 and 21, nonpolar thioether-containing amino acids 18 and 19, as well as small
and aliphatic amino acids 26-28, are all completely deuterated. Most of them can achieve
complete deuteration within minutes. Surprisingly, even anionic amino acids 26 and 27, and
aromatic amino acid 28, can be fully deuterated with extended incubation (i.e. 14h). Such
unprecedented compatibility with both cationic and anionic substrates is consistent with the
structural features revealed from previous docking study: there are minimal interactions
between LolT and the amino acid substrate side chain.[17] Furthermore, the general
preference to cationic substrates revealed here is also consistent with a cation-r interaction
being operative in substrate recognition instead of ionic charge-charge interaction, since the
latter would preclude binding of negatively charged substrates, e.g. 26 and 27.

By far, the only challenging substrates for LolT seem to be the hydrophobic branched-chain
aliphatic amino acids. For example, L-valine 30 and L-leucine 31 showed modest deuteration
after overnight incubation (14h), whereas L-isoleucine 33 showed no sign of deuteration
even after prolonged incubation (up to 30h). Nevertheless, LolT is a highly promiscuous
enzyme that can accommodate diverse amino acids, ranging from basic to acidic ones, from
aliphatic to aromatic, and from the smallest amino acid glycine (26) to the bulky amino acid
S-adenosyl-L-methionine (SAM, 20).
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To assess the stereocontrol, all fully deuterated L-amino acids were subject to chiral
resolution (see supporting information). High enantiopurity and complete stereoretentions
were observed. In the cases where the corresponding p-enantiomers are commercially
available, we also tested LolT’s deuteration activity with b-amino acids to examine its
substrate enantioselectivity. In all cases tested, the respective p-enantiomers showed zero
deuterium incorporation. Taken together, these results demonstrate that LolT shows strict
stereochemical control, supporting the previous mechanistic proposal in which a general
base residue must reside on the s/face of PLP and is responsible for initial deprotonation
and reprotonation, while the re face must be protected from solvent and other potential
general acids to avoid stereoinversion during proton transfer steps, and to prevent activation
of p-amino acids.

It is noteworthy to mention that developing a general approach for synthesizing enantiopure
a-deuterated derivatives of serine 21, cysteine 17, and Dap 5 was considered a challenging
task, and only a few chemical methodologies have been reported to access a-deuterated
B-X-a.-amino acids (X= N, O, S, or Se).[20 Our findings here demonstrate that LolT

can efficiently deuterate these amino acids stereoselectively, which prompted us to further
investigate whether LolT can deuterate their derivatives. Interestingly, when L-cystine 36
was incubated with LolT in D50, enzymatic transformations in addition to a-deuteration
took place (Figure 4a), as indicated by the unexpected loss of C@ proton on the 1H-

NMR spectra (Figure 4b). Such phenomenon is more consistent with an a,p-elimination
reaction to give amino acrylate, which is unstable in aqueous solution and undergoes
spontaneous tautomerization and hydrolysis to yield ammonium and pyruvate. Accordingly,
we next derivatized the reaction mixtures with o-phenylenediamine (OPD) and confirmed
the formation of the deamination product pyruvate (Figure 4c). Similar results were also
observed with O-acetyl-L-serine (data not shown). These results suggest LolT may not be
suitable for a.-deuteration on amino acids with good leaving groups at Cp. Determining

the steady-state kinetics of cystine B-elimination shows a slow kg4 0f 0.53 + 0.03 min~1
and a reasonable K, = 1.4 + 0.3 mM (Figure 4d). Although the overall low catalytic
efficiency (keat/Km = 6.3 M~171) indicates LolT is not optimized for this B-lyase reaction,
it supports our previous postulate that LolT may share the last common ancestor with Cp-S
lyases,[17] and has evolved far away from CB-S lyases. However, it still remains a question
how protein evolution reshaped LolT’s function to suppress unwanted B-elimination activity
while favoring Ca-C bond Mannich cyclization activity.

Conclusion

In summary, we have demonstrated that LolT, a PLP-dependent enzyme that natively
catalyzes Ca-C bond forming cyclization reactions, can be repurposed for amino acids
deuteration. The broad substrate scope and strict site- and stereoselectivity make LolT one of
the best amino acids deuteration biocatalyst ever reported.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

LolT is a PLP-dependent Mannich cyclase. a) LolT’s natural function and its role in loline
biosynthesis. b) LolT catalyzes two-component Mannich cyclization reactions. ¢) Proposed
stereoretentive Ca H/D exchange catalyzed by LolT in the absence of electrophile. Residue
Lys236 was proposed as the general base (abbreviated as B) for reversible deprotonation of
L-amino acid substrate through the PLP s/ face.
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Figure 2.
LolT C41S mutant has improved catalytic activity compared to the WT,
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Figure 3.
Substrate scope of LolT-catalyzed a.-deuteration of amino acids. 2enantiomeric excess (eg)

was determined with Marfey derivatization.

Chembiochem. Author manuscript; available in PMC 2024 December 01.



1duosnuey Joyiny

1duosnuely Joyiny

Gao et al. Page 10

a NH,

NH, H,O0 NHy
/'\/S\ COH  LolT-C41S 2 COH o
HO,C s/\‘/ e S Y \/
NH, HO,C “SH NH, )J\COZH
36
b
Co-H Cp-H ) )
Boiled LolT-C41S + L-Cystine
| I
LolT-C41S + L-Cystine after 14 h
. o
U5 44 42 40 38 96 4 0z 30 28 26 24 22 20 18 15 14 12 10 08 O
chemica it
c
A =340 nm hj\\ Pyruvate std
l L-Cystine + LolT-C41S
L-Cystine + boiled LoIT-C41S
9.00 9.50 10.00 10.50 11.00 11.50 min
d 0.6
‘.TE 0.4
E
=
S 02

T T T T 1
0 5 10 15 20

[L-Cystine] (mM)

Figure 4.
LolT-catalyzed B-elimination reaction with L-cystine. a) proposed mechanism. b) unexpected

loss of both a and B-proton NMR signal. ¢) HPLC analysis confirms the end product as
pyruvate. d) Steady-state kinetic analysis.
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