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We report a biocatalytic strategy to access novel p-hydroxy
L-tryptophan regioisomers using an L-threonine transaldolase. We
show that classical threonine aldolases cannot perform this trans-
formation, highlighting the unique reactivity of transaldolases. By
coupling turnover to byproduct removal, high isolated yields of up
to 90% were achieved. This reaction enables a multi-enzyme
cascade to synthesize diverse non-canonical analogs of
L-tryptophan.

Amino acids are among nature’s most versatile chemical building
blocks, forming the basis of all proteins and featuring promi-
nently in natural products. Beyond the 20 proteinogenic amino
acids, both natural and synthetic non-canonical amino acids
(ncAAs) have garnered significant interest for their ability to
impart unique physicochemical and structural properties to pep-
tides and proteins.” Specifically, analogs of i-tryptophan (L-Trp)
are attractive due to the electron-rich character of the indole ring.
These analogs have been widely employed as fluorescent and bio-
chemical probes,® and often serve as precursors to compounds
that exhibit diverse pharmacological activities (Fig. 1).*

There have been major advances in the use of engineered
Trp synthase to access substituted 1-Trps from their corres-
ponding indole.” Analogs bearing a stereogenic methyl
group at CB have also been synthesized.'”" However, current
methods cannot tolerate alternative orientations of the indole
side chain and non-alkyl groups at Cp. Access to p-hydroxy
(B-OH) L-Trp is desirable as the stereocenter can engage in
H-bonding while simultaneously imposing conformational
constraints on the sidechain.'*> Modifying the orientation of
the indole ring has also been shown to alter molecular

properties,"*'* exemplified by the use of L-Trp regioisomers in
FDA-approved  antimigraine drugs zolmitriptan and
zavegepant.
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Despite the appeal of these complementary approaches,
access to p-OH r-Trps has remained limited to a single regio-
isomer, in which the p-hydroxyalkyl chain is installed at the C3
position of the indole ring. The lack of methods to prepare
f-OH L-Trp regioisomers represents a gap in the current syn-
thetic repertoire. Traditional synthetic approaches to p-OH
L-Trp involve derivatization of the native amino acid scaffold,"
or nucleophilic addition of indole derivatives into serine-
derived aldehydes.'® Although such methods could be adapted
to obtain the regioisomers, the need for multiple purification
steps and the use of toxic reagents hinders utility.

Enzymatic strategies for f-OH amino acid synthesis have
primarily leveraged pyridoxal 5-phosphate (PLP)-dependent
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Fig. 1 Bioactive compounds containing p-OH L-Trp residues (blue) or
analogs linked via the benzene core of a heterocycle (purple).
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Fig. 2 PLP-dependent aldolases catalyze the formation of p-OH amino
acids via an aldol-like addition. This works expands the substrate scope
of L-threonine transaldolase ObiH to include indole carboxaldehydes for
the synthesis of novel p-OH L-Trp regioisomers.

aldolases, such as r-threonine aldolases (LTAs) and transaldo-
lases (LTTAs), which mediate the formation of carbon-carbon
bonds with high stereocontrol.'”'®* These mechanistically
related enzymes form a resonance-stabilized glycyl quinonoid
nucleophile, (EQ®Y), that performs an aldol addition into
diverse carbonyl electrophiles (Fig. 2). LTAs generate a nucleo-
phile by reversible deprotonation of glycine (Gly), necessitating
an excess of Gly to overcome unfavorable thermodynamics."®
In contrast, LTTAs generate the nucleophile exclusively
through retro-aldol cleavage of a f-OH amino acid side chain,
and protonation of the nucleophile is intrinsically slow.>
However, neither LTA nor LTTA enzymes have been utilized to
access -OH L-Trps. Expanding the substrate scope of this class
of biocatalysts to include indole-containing aldehydes could
enable a streamlined and sustainable approach to synthesizing
$-OH 1-Trp and its regioisomers.

We began our investigation by evaluating whether LTAs or
LTTAs exhibit activity on indole carboxaldehydes. LTA from
Thermotoga maritima (TmLTA) is a well-characterized, thermo-
stable enzyme known to react with a range of aldehydes.*"*
However, when we conducted analytical-scale reactions with
10 mM indole-5-carboxaldehyde (5a), 1.0 M Gly, and 0.1 mol%
TmLTA, only trace formation of p-OH r-Trp regioisomer 5b was
observed after 5 h (Fig. 3A, entry 1). In contrast, analogous
conditions using ObiH, an LTTA from the obafluorin biosyn-
thesis pathway,”** and 100 mM r-Thr afforded 5b in 17%
yield (Fig. 3A, entry 2). These results reinforce our recent
finding that ObiH generates a more versatile nucleophile than
TmLTA,” and consequently, ObiH was selected for further
reaction development.

To assess the substrate scope of ObiH, we tested its activity
on a panel of indole carboxaldehydes (Fig. 3B). Consistent
with our previous report,>® ObiH showed no detectable activity
with indole-3-carboxaldehyde (3a), precluding the formation of
the canonical B-OH v1-Trp isomer (3b). Similarly, indole-2-car-
boxaldehyde (2a) was unreactive under standard conditions.
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Fig. 3 (A) Effects of different Thr (trans)aldolases on the synthesis of

5b. Acetaldehyde reduction system (RS) adapted from Xu and co-
workers.2® (B) Analytical substrate scope of ObiH with diverse indole
carboxaldehydes. (C) Product formation over time for 5b after reaction
optimization. See Sl for individual reaction components.

Positioning the formyl group around the benzene ring,
however, afforded amino acid formation. Reactions involving
indole-6-carboxaldehyde (6a) and indole-7-carboxaldehyde (7a)
resulted in yields similar to 5b. Notably, reactions with indole-
4-carboxaldehyde (4a) afforded near-quantitative yields, high-
lighting that bulky aryl groups can be well-tolerated by ObiH.
To further increase the yield of 5b-7b, we explored alterna-
tive methods to drive product formation. Acetaldehyde (1a) is
generated as a by-product of E(Q®Y) formation and is a com-
petitive inhibitor of ObiH, with a dissociation constant (Kp) of
~400 pM.>® Previous studies by us and others have used enzy-
matic cascades to remove 1a from LTTA reactions, leading to
improvements in yields with benzaldehyde analogs.””>° These
reduction systems (RS) typically include an alcohol dehydro-
genase (ADH), which reduces 1a into ethanol. A formate dehy-
drogenase (FDH) regenerates the nicotinamide adenine dinu-
cleotide (NAD) cofactor from formate and releases CO, as a
thermodynamic driving force (Fig. 3A). We opted to use com-
mercially available ADH from Saccharomyces cerevisiae (SCADH)
and an FDH from Candida boidinii (ChFDH) heterologously
expressed in E. coli prepared as clarified lysate. When we intro-
duced this RS to reactions with 5a, a ~6-fold improvement in

This journal is © The Royal Society of Chemistry 2025
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yield to 97% was observed (Fig. 3A, entry 3). Monitoring reac-
tion progress over time indicated that the reaction approaches
quantitative yields within 2 h at 0.1 mol% ObiH and 10 equiv.
of L-Thr (Fig. 3C).

With optimized conditions established, we conducted pre-
parative-scale reactions at a 0.5 mmol scale using 25 mM
indole carboxaldehydes and 0.01 mol% ObiH (Fig. 4A).
Reactions proceeded smoothly and the high aqueous solubility
of the B-OH 1-Trp regioisomers impeded purification by
reverse-phase chromatography. Therefore, N-Boc protection was
used to enable isolation of 4b-7b (forming Boc-4b-7b). Boc-4b
was isolated in 56% yield with slight enrichment for the native
(25,3R) ‘sym’ diastereomer, corresponding to ~5800 turnovers.
Similarly, Boe-5b and Boc-6b were isolated in 47% and 52%
yield, respectively. Boc-7b was isolated in 49% yield as an equal
mixture of diastereomers. Reactions with 4a-6a could be driven
to >80% yield by increasing catalyst concentration to 0.1 mol%
ObiH (Fig. 4A). However, this change had only a marginal
effect on reactions with 7a. In all cases, the dr of the products
from the two sets of reaction conditions was unchanged.

The low diastereoselectivity observed here is consistent with
previous findings of ObiH with aryl carboxaldehydes.*® While
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Fig. 4 Preparative-scale synthesis of (A) C4-C7 substituted and (B) C3

substituted p-OH L-Trp regioisomers.

Product purity and dr was

assessed via *H NMR. ?The reaction was performed with ~0.1 mol%
ObiH. ? The reaction was performed with ~0.01 mol% ObiH.
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access to both diastereomers may be beneficial for medicinal
chemistry applications, enhanced selectivity towards a specific
isomer could likely be achieved through a concerted directed
evolution campaign.®® Previously, Xi et al. engineered ObiH for
higher diastereoselectivity with electron-deficient aryl alde-
hydes.** We tested if the resultant triple mutant (ObiH"?":
C57Q, H69T, F70T) also had higher activity with the bulky,
electron-rich aldehydes used here. However, when used with
5a, this variant had only a marginal impact on diastereo-
selectivity (see SI), indicating that more specific enzyme engin-
eering is necessary to substantially enhance selectivity for
these substrates. Despite these challenges, this report rep-
resents the first isolation of these p-OH r-Trp regioisomers,
enabling access for further study.

Encouraged by our success in isolating the C4-C7 substi-
tuted regioisomers, we re-visited ObiH’s apparent lack of reac-
tivity with 3a. We hypothesize that activity is impeded by
decreased electrophilicity of the formyl group due to resonance
donation of the lone pair electrons of indole N1. If so, this
electronic effect may be minimized by modification of N1 with
a n-withdrawing group (Fig. 4B). To our delight, reactions with
N-acetylindole-3-carboxaldehyde (8a) resulted in formation of
the corresponding amino acid. Preparative-scale synthesis and
isolation of N'-acetyl-p-OH r-Trp, however, yielded a mixture of
both acetylated and free f-OH r-Trp (3b), resulting from spon-
taneous deacetylation under the reaction conditions. To fully
liberate 3b, we subjected the purified mixture to basic con-
ditions adapted from Previero and coworkers.>" This process
afforded 3b in 19% yield and good diastereoselectivity. The
lower yield may be attributed to many factors, including the
low solubility and instability of the acetylated indole aldehyde
substrate in aqueous conditions. We envision that a similar
approach could be used for 2a, but it was not tested here.

With a route to generate f-OH r-Trp regioisomers established,
we next sought to explore their potential as intermediates in bio-
catalytic cascades. We envisioned the corresponding (non-
hydroxylated) -Trp isomers could be directly accessed through
downstream removal of the f-hydroxy stereocenter. Given the
general propensity of medicinal chemists to explore effects of
regioisomerism, and the limited synthetic routes to r-Trp
regioisomers,'***7* this strategy offers a complementary enzy-
matic approach to existing methods. Recently, multi-enzyme cas-
cades have been developed that remove the f-OH group from
LTA and LTTA products.>***?® These cascades rely on a dehydra-
tase to form the corresponding a-keto acid and either a transam-
inase or amino acid dehydrogenase to reinstall the a-amino
stereocenter. We opted to use phenylserine dehydratase from
Ralstonia picketti (RpicPSDH) and aromatic r-amino-acid trans-
aminase from Thermus thermophilus (TtATA) as we had pre-
viously shown these enzymes are expressed to high titer in E. coli
and tolerate bulky, heterocyclic-aryl substrates (Fig. 5A).>*

We assessed the one-pot dehydroxylation cascade for syn-
thesis of 1-Trp regioisomers (4c-7c¢) on analytical-scale using
previously described conditions (Fig. 5B).** 1-Glutamine
(1-Gln) was chosen as the artificial amine donor to drive the
transamination reaction.’” Reactions involving 25 mM alde-
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A One-pot dehydroxylation cascade
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(A) Proposed enzymatic cascade to access dehydroxylated L-Trp regioisomers. (B) Analytical substrate scope of dehydroxylation cascade.

2 The reaction was performed at 0.5 mmol scale with 0.04 mol% ObiH, 0.04 mol% RpicPSDH, 0.05 mol% TtATA, and 200 rpm shaking.

hyde, 0.02 mol% ObiH, 0.02 mol% RpicPSDH, 0.05 mol%
TtATA afforded 4c-7c in 37%, 31%, 51%, and 55% yield,
respectively. One possible explanation for the modest yields is
background activity of RpicPSDH on 1-Thr, which is present in
superstoichiometric amounts.”>*® The dehydration of 1-Thr
leads to the formation of o-ketobutyric acid, which can
compete with the desired product for transamination. Indeed,
varying amounts of dehydroxylated 1-Thr product,
a-homoalanine (1c), was detected alongside desired L-Trp pro-
ducts (Fig. S1).

To test the scalability of this cascade, we performed a
0.5 mmol scale reactions with substrate 6a. We increased ObiH
and RpicPSDH loadings to 0.04 mol%, and the reaction was
shaken at 200 rpm to improve mass transfer. The desired
product 6¢ was isolated in 23% yield without the need of a pro-
tecting group. While these conditions may serve to access
molecules on scales used by medicinal chemists, further
optimization of the dehydratase specificity, enzyme stoichio-
metry, and reaction timing may reduce side-product formation
and enhance overall efficiency for access to higher product
quantities. Nonetheless, ‘these results highlight the potential
of biocatalytic cascades for generating r-Trp isomers and
provide a strong foundation for future development.

Conclusions

In summary, we have developed a biocatalytic platform for the
synthesis of p-OH -Trp regioisomers in high yields from com-
mercially available starting materials. We show how a classical
Thr aldolase cannot meet this challenge due to thermo-
dynamic constraints, which can be overcome by using a Thr
transaldolase instead. This strategy is compatible with enzy-
matic cascades, enabling access to dehydroxylated 1-Trp deriva-

Org. Biomol. Chem.

tives. The modularity of this approach facilitates the gene-
ration of structurally diverse non-canonical 1-Trp analogs that
could be extended to other functionalized indole carboxalde-
hydes, providing a versatile route to pharmacologically relevant
compounds. To our knowledge, this study represents the first
report of a biocatalytic strategy for accessing both p-OH and
dehydroxylated r-Trp regioisomers.
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