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Minimally protected aminopolyols are novel substrates for the
galactose oxidase variant F,. Site-selective oxidation proceeds at
the terminal primary alcohol, followed by spontaneous cyclisation
to afford stable hemiaminal/hemiacetal anomers of the piperidine
and azepane scaffolds, with isolated yields of up to 94%. Simulta-
neous deprotection and reduction occured readily to afford valu-
able and biologically relevant iminosugars.

Iminosugars are polyhydroxylated alkaloids and sugar mimics,
containing a nitrogen atom in place of the endocyclic oxygen
(Scheme 1). These naturally occurring compounds are of
pharmaceutical importance because they interact with and
inhibit carbohydrate processing enzymes. Known mechanisms
of action include mimicking the oxocarbenium-ion transition
state of glycoside hydrolysis,' chaperoning misfolded proteins,>
and allosteric chaperoning.® Therapeutic applications are
wide-ranging and include the treatment of type II diabetes
(miglitol), Gaucher's disease (miglustat)’ and viral
infections.®” Whilst the drug-like properties of iminosugars
are advantageous, such as chemical and metabolic stability,
and good oral bioavailability, first-generation candidates suffer
from lack of selectivity, potency and give rise to undesirable
side effects.>® The absence of efficient syntheses for preparing
structurally diverse derivatives has been highlighted as a lim-
itation to the advancement of second-generation iminosugars
as therapeutics.® A robust biocatalytic route for the preparation
of iminosugar compounds has not yet been developed and has
the potential to greatly simplify and streamline their synthesis.

Through a biocatalytic retrosynthetic analysis, we propose a
sequential, three-step chemo-enzymatic cascade, whereby
monosaccharides undergo transamination, selective oxidation,
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and reduction, via transaminase (TA), oxidoreductase and
catalytic hydrogenation steps, respectively (Scheme 1).

In support of this biomimetic strategy, a biosynthetic gene
cluster that initiates 1-deoxynorijirimycin synthesis has been
reported and encodes for a TA, alcohol dehydrogenase, and
phosphorylase; transforming fructose-6-phosphate into an imi-
nosugar scaffold.’®"" The prospect of accessing aminopolyols
from readily available monosaccharides is intriguing, as
naturally occurring p-sugars are a major component of plant
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Scheme 1 Biocatalytic routes to pyrrolidine-(A), piperidine-(B) and aze-
pane-(C) type iminosugars from monosaccharides. Previous work includes
transamination’® and G. oxydans mediated secondary oxidation®°
ATA = amine transaminase, F, = galactose oxidase variant F,.
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biomass and considered waste products from industry and
agriculture, therefore utilising this feedstock represents a use-
ful valorisation approach. Recently, we reported that TAs can
catalyse the direct amination of aldoses to aminopolyols
(Scheme 1);'* a study revealing activity towards ketoses was
reported shortly after.”

With the first key transaminase step established to afford
the aminopolyols from aldoses, we then sought a biocatalytic
strategy for the selective oxidation, which must proceed regio-
selectively at the C5- or C6—OH positions to enable cyclisation.
Synthetic approaches for regioselective oxidation of polyol
species include the use of transition-state metal (Ru, Pd)"*"
and photoredox catalysis,'® and has even been applied to
unprotected carbohydrates, yet scope remains limited to cyclic
substrates. The challenge of achieving regioselective oxidation
persists for linear polyol species, for which there are fewer
variations in the electronic and steric environments between
hydroxyl groups. Building on early reports,"””® we recently
employed Gluconobacter oxydans as a whole-cell biocatalyst,
which displayed regioselectivity towards the secondary alcohol
positions (Scheme 1).%° Since the enzyme(s) responsible for the
oxidation was uncharacterised, we next wished to identify
specific oxidoreductases that could add to our toolkit of
selective aminopolyol oxidation biocatalysts. We reasoned that
it would also be valuable to find an enzyme to carry
out the primary aminopolyol oxidation to complement the
secondary oxidation mediated by G. oxydans, allowing more
piperidine-type iminosugars to be derived from the pentose
monosaccharides.
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Our attention turned towards oxidase enzymes of which,
many carbohydrate oxidases have been characterised in
literature.*

In comparison to the nicotinamide coenzyme requirements
of dehydrogenases, oxidases use molecular O, as the mild
oxidant for the regeneration of the reduced enzyme. Galactose
oxidase (GOase) from Fusarium graminearum is a well
characterised copper-dependent oxidase, and the wild-type
enzyme regioselectively oxidises the primary C6-OH of
p-galactopyranose. In comparison, other carbohydrate oxidases
tend to favour secondary C2-OH oxidation.*> GOase has been
the subject of several engineering projects, delivering variants
with outcomes such as increased expression and stability in
Escherichia coli (E. coli) (M; variant),”® activity towards non-
natural substrates, such as glucose (Mj; variant)** and fructose
(R330K variant)* as well as activity towards aromatic secondary
alcohols (M;_s variant)®® and glycans on glycoproteins (F,
variant) (ESL,} Fig. $2).>” Following these advances, optimising
standard operating conditions for GOase has been pursued in a
step towards realising its industrial relevance.”® Recently,
GOase F, was evolved further for the desymmetrizing oxidation
step in the enzymatic cascade for the synthesis of islatravir.>
For this project, the F, variant was particularly attractive for its
ability to catalyse the terminal selective oxidation of glucosides,
showing that activity towards a polyhydroxylated scaffold is
retained.? If the site-selective oxidation of aminopolyols can be
performed with the same regioselectivity, the resulting ami-
noaldehyde products will cyclise to afford the valuable piper-
idine and azepane ring systems (see Scheme 2) and therefore,
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Scheme 2 (A) Chemoenzymatic synthesis of piperidine- and azepane-type iminosugars. (B) Substrate scope of the oxidation products and isolated

yields, products 2a—e exist predominantly in hemiaminal form, whereas 2f is in hemiacetal form. (C) Iminosugars 3a—f are isolated as the HCl salt.
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the F, variant was the biocatalyst candidate selected for
this study.

In view of developing a biocatalytic cascade, it was impor-
tant that selected sugar starting materials are substrates for the
initial transamination. The panel of substrates 1a-f (Scheme 2,
ESIt Fig. S1) were derived from p-aldoses arabinose, lyxose,
ribose, 2-deoxy-ribose, mannose, and 2-deoxy-galactose and
reflect the rich stereochemical landscape that can be accessed
through sugar precursors. Aminopolyols were N-Cbz protected
to enable isolation and characterisation of the oxidation
products.

The enzyme GOase F, was recombinantly expressed in E. coli
BL21(DE3) according to modified protocols®' and purified to
homogeneity by streptavidin affinity chromatography, with
modest yields of approximately 12 mg per litre of culture. In
the initial set of experiments, we screened 1a-f as substrates for
the F,-catalysed oxidation on an analytical scale (1 mL) (see
ESL 1 Section 3). Having established suitable conditions for
reaction screening, we opted to monitor biotransformations
directly using thin layer chromatography (TLC). TLC analysis
indicated conversion of starting material for all the tested
substrates after an overnight reaction (see ESI,T Fig. S4). LC/
MS analysis confirmed the formation of a mono-oxidation
product and there was no evidence of side product formation,
such as overoxidation to the carboxylic acid or the geminal diol
species that has been previously reported.*°

Next, we sought to isolate enough material for full charac-
terisation, as up until this point, neither the site of oxidation
nor the form of the oxidised products had been determined.
Furthermore, the compounds are not readily accessible com-
mercially or via chemical synthesis, and calibration standards
for quantifying reaction conversion were required. For these
reasons, biotransformations were scaled up to 10 mL, with
substrate loading at 20 mM (0.2 mmol),i relatively high com-
pared to what has typically been reported for GOase-catalysed
reactions. From the analytical-scale reactions it was evident
that the GOase F, variant precipitates readily from the reaction
mixture, and consequently, over time activity likely would
diminish. To circumvent a drop off in the reaction progression
and to drive the reactions towards completion, we opted to
cumulatively add enzyme over the course of the reaction. The
progress of the reaction and timeline of sequential additions
was informed by TLC analysis. Through these efforts, oxidation
products 2a-f were isolated in 48-94% yield, corresponding to
up to 53 mg of the p-ribo 2¢ and 2-deoxy-p-galacto 2e com-
pounds. It was not possible to achieve complete conversion
with all biotransformations within a reasonable time frame,
meaning p-lyxo 1b and p-manno 1f compounds were isolated in
yields of approximately 50%. Despite long reaction times, we
observed no side product formation, and that the oxidation
products were remarkably stable.

Characterisation of the compounds by NMR spectroscopy
was initially challenging due to the presence of anomeric
mixtures, but analysis of 2D NMR spectra enabled resolution
between configurational anomers. The spontaneous cyclisation
was supported by the appearance of the characteristic cyclic
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Fig. 1 Time course analysis of the GOase F,-catalysed oxidation of
N-Cbz-protected aminopolyols. Conversion to products 2a—f was deter-
mined by LC/MS analysis, monitoring product formation at timepoints up
to 48 hours, and plotted as the average of triplicate reactions (1 mL) (for
individual plots with error bars, see ESI,i Section 4).

hemiaminal or hemiacetal peak in the range ¢ 5.1-5.8 ppm.
From this, the ratio of hemiaminal anomers was determined,
with product ratios differing across the substrate panel. The
absolute stereochemistry of each anomer was not ascertained
in this study, with the view that upon deprotection and imine
reduction, the anomers converge to a single product.

To gain a better understanding of the reaction progress, we
determined the reaction conversion after a single addition of
enzyme and monitored the reaction progress over time on
analytical scale (Fig. 1, Table 1). After 8 h, conversion of
substrates 1b-f to oxidised species 2b—f ranged from 33-88%.
The initially slow reaction progress of entry 1 can be attributed
to the poor solubility of the aminopolyol 1a in buffer at ambient
temperature. Despite protein precipitation in the reaction
mixture, enzymatic activity was still evident after 24 hours.
The results show that aminopolyols 1a-f are good substrates for
F,, reaching up to 97% conversion on analytical scale.

Table 1 Conversion data for GOase F,-catalysed oxidation of N-Cbz-
protected aminopolyols

Conversion [%]

Substrate Absolute configuration Product® 8h 24h 48h
1 1a p-arabino 2a 7 77 91
2 1b p-lyxo 2b 88 94 97
3 1c p-riho 2¢ 43 66 68
4 1d 2-deoxy-p-ribo 2d 33 39 65
5 1le 2-deoxy-p-galacto 2e 40 53 60
6 1f D-Manno 2f 79 85 82
Reaction conditions: substrate (0.2 mmol, 20 mM), catalase

(0.1 mg mL™"), HRP Type I (0.1 mg mL™ '), CuSO, (50 pM), NaPi
(100 mM, pH 8), purified GOase F, (2 mg mL ™) at 20 °C. * A mixture
of cyclic hemiaminal and hemiacetal anomers are obtained.

This journal is © The Royal Society of Chemistry 2022
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Finally, iminosugars 3a-f were readily obtained from the
oxidation products 2a-f by hydrogenation using Pd/C, in which
the deprotection and imine reduction steps occur concomi-
tantly (Scheme 2). After 16 h reaction time we observed com-
plete conversion to the desired products 3a—f, regardless of the
anomeric hemiaminal/hemiacetal distribution of the precur-
sors 2a-f.

We have demonstrated that minimally protected aminopolyols,
key intermediates for iminosugar synthesis, are novel substrates for
the galactose oxidase variant F,. This report represents further
progress from our previously reported chemoenzymatic route
towards monosaccharide-derived iminosugars.”® Having identified
the F, variant as a suitable oxidase, protein engineering and
optimisation studies can now follow to extend the substrate scope,
efficiency, stability, and expression of this catalyst. The necessity for
sequential addition of enzyme, due to poor stability, enabled
enough material to be isolated for characterisation and further
analysis, but could potentially be avoided by using immobilised
enzyme. Biocatalytic and chemoenzymatic cascades offer enormous
advantages over more traditional stepwise synthetic approaches to
complex molecules and are being considered as viable industrial
approaches.®” Future efforts will focus on eliminating the need for
the N-Cbz protecting group on the aminopolyol and identifying and
introducing an appropriate imine reductase (IRED) in the last step
of the cascade to enable a one-pot fully enzymatic cascade from
monosaccharides to iminosugars.
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