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Introduction

Improved stereocontrol in reductive aminases
through steric modification of residues around
substrate and cofactor binding pocketst

Jake Gooderham,® Beatrice-Maria Zabava,® David D. Aleku,® Julie Vignot,®
Zuoye Xie,? Ruth T. Bradshaw Allen,? Mario Prejano ®*° and Godwin A. Aleku @ *?

Asymmetric reductive amination catalysed by reductive aminases (RedAms) provides a green and direct
route to 2° and 3° chiral amines. Identifying residues or motifs in these enzymes that facilitate
stereocontrol is essential for designing highly desirable enantiodivergent RedAm systems. In this work, we
have identified key residues within both the cofactor and substrate binding pockets in a fungal reductive
aminase (MaRedAm) and a bacterial imine reductase (AoIRED) that enable stereocontrol through steric
modification. In MaRedAm, removing steric bulk at the cofactor binding pocket via W33A or R35A mutation
improved (R)-selectivity towards the synthesis of (R)-rasagiline, achieving up to 95% enantiomeric excess
(e.e). Conversely, the W211A mutation at the substrate binding pocket of MaRedAm inverted the
stereoselectivity, yielding (S)-rasagiline (42% e.e.). Likewise, varying steric bulk at position N241 in AolRED
allowed for enantiodivergency. Notably, modifying the N241 position significantly improved AolRED's
solution stability and storability. The wild-type enzyme typically precipitates out of solution within 8 h after
purification, even when stored at 4 °C, whereas its N241H and N241Y variants remain in solution for up to
>1 week. Molecular dynamics (MD) simulations provided detailed insights into the effect of steric
modification on stereoselectivity at the cofactor and substrate binding pockets. MaRedAm W33A and W35A
mutations induced reorganisation and downsizing of the active site, enhancing (R)-selectivity. In contrast,
the W211A mutation enlarged the substrate binding pocket, increasing flexibility for substrate rotation.
These findings contribute to the ongoing effort to establish the functional roles of key residues to allow
efficient rational engineering of stereoselectivity in IREDs/RedAm:s.

stoichiometric amounts of reducing agents. Given that chiral
amines are among the most prevalent scaffolds in APIs,

Reductive amination of prochiral carbonyl compounds is a
frequently employed transformation to construct chiral
amine-based active pharmaceutical ingredients (APIs)."?
Enzymatic reductive amination reactions such as those
catalysed by imine reductases (IREDs) and reductive aminases
(RedAms)*” are particularly attractive as they offer a highly
enantioselective approach.®™** IREDs/RedAms’ amination
route provides direct access to enantiopure 2° and 3° chiral
amines without the need to use toxic alkylating reagents or
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developing enantiodivergent RedAm methodologies will have
enormous synthetic relevance.'> However, IREDs/RedAms,
similar to other redox enzymes, may on occasion catalyse the
amination of prochiral ketones to yield the ‘wrong’
enantiomer of the target product or produce the desired
enantio-enriched product in suboptimal optical purity.
Achieving perfect enantioselectivity for a synthetic target
remains challenging, often requiring extensive directed
evolution campaigns,™® which are impractical within the time
constraints of drug development projects.'*

Recent studies have sought to pinpoint the origin of
stereoselectivity in IRED-catalysed reduction of cyclic imines
based on the residue occupying the standard catalytic 187
position (SKIRED numbering, Fig. 1).">"” From a wealth of
empirical evidence, the so-called D-type IREDs which contain
Asp at the 187 equivalent position are predominantly (R)-
selective, and reduce simple cyclic imines such as 1-methyl-
3,4-tetrahydroisoquinoline 1,  2-methylpyrroline, and
2-methylpiperideine to the corresponding (R)-amines whereas
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(a) Empirical data support the categorisation of (R) or (S)- selective IREDs based on the residue at standard 187 position.
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(c) N241 as an alternative handle for stereocontrol in imine reductases (IREDs).
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Fig. 1 Stereoselectivity patterns of imine reductases (IREDs) towards the reduction of prochiral cyclic imines and an overview of work performed

in this study.

the so-called Y-type IREDs feature Tyr at the 187 position, are
predominantly (S)-selective toward these substrates.'®™>
However, some IREDs do not follow these selectivity patterns
or contain residues other than Asp or Tyr at the standard
Y187 position.”>'”** In addition, other regulatory factors,
such as electrostatic interactions between the anionic side
chains of active site residues and the iminium cation, have
been proposed to be critical to the stereochemical outcome
of IRED-catalysed imine reduction."”

Despite the significant interest in engineering
stereoselectivity in RedAms,**?*® the regulatory factors
governing stereoselectivity in RedAm-catalysed reductive
amination remain poorly understood. Unlike for IRED-
catalysed reduction of cyclic imines where available
empirical data can guide prediction of the stereoselectivity
of an IRED of interest, there is no clear pattern for the
categorisation of (S)-type or (R)-type enzymes in IRED/
RedAm-catalysed reductive amination of ketones based on
the residue occupying the catalytically important position
187. IREDs acting in the RedAm mode must bind NADPH,
ketone and amine to form the corresponding iminium
cation,™* and the size and nature of both the amine and
ketone coupling partners can contribute to the
stereochemical outcome.™*™"

314 | Catal Sci. Technol., 2025, 15, 3113-3121

Steric modification of the side chains of key residues in
many NAD(P)H-dependent redox enzymes, including IREDs,
can directly or indirectly alter substrate and cofactor binding
modes,>* with its attendant effects on enzymatic activity.
While such modifications are less frequently reported or
investigated for IREDs/RedAms,"*® alteration of the substrate
and cofactor binding modes in this manner can influence
whether hydride delivery from NAD(P)H to the iminium ion
occurs on the Si- or Re-face, which in turn can affect the
stereochemical outcome. In this study, using a fungal
reductive aminase (MaRedAm)*' and a bacterial imine
reductase (AoRED),> we systematically screened and
identified multiple residues that enable stereocontrol in these
enzymes through steric modification of their side chains.

Results and discussion

Handles in a reductive aminase for stereocontrol via
modifying the side chain's steric bulk

To quickly assess the mutational effects of bulky conserved
residues on RedAm's stereoselectivity, we employed alanine
scanning site-directed mutagenesis, targeting conserved
bulky residues (W, Y, F, and R) with a conservation score of
>90%, regardless of whether these residues interact with the

This journal is © The Royal Society of Chemistry 2025
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substrates or the cofactor. Six such positions were identified
through sequence alignment of >1200 MaRedAm
homologues (ESI;f Table S1). Alanine variants were
successfully constructed, expressed in E. coli and the freshly
prepared cell-free lysate (CFE) was used as the aminase
catalyst solution to perform two amination transformations:
l-indanone 3 with propargylamine b and 4-phenyl-2-
butanone 4 with b. Stereoselectivity of the product was
assessed via chiral HPLC (Table 1).

Mutations W33A, R35A, Y139A, and Y181A in MaRedAm
(Scheme 1) led to observable changes in the stereoselectivity.
The neighbouring variants W33A and R35A exhibited
improvements in e.e. values, yielding, for example, (R)-
rasagiline 3b with up to 95% e.e., compared to 74% e.e.
achieved by the wild-type enzyme (Table 1). In contrast, the
Y139A mutation led to a marked decrease in e.e. (64% e.e.,
(R)-4b). Similar trends were observed with these mutants for
the synthesis of 4b, where W33A, R35A, Y118A, and Y181A all
achieved significant improvement in e.e. of up >97%
compared to 63% e.e. achieved by the wild-type enzyme.
Again, Y139A mutation led to a significant decrease in e.e.
value (25%). Replacing the bulky protic residues with alanine,
such as in Y118A, Y139A, and Y181A, resulted in reduced
activity and lower conversion values. Notably, the MaRedAm
mutation, W211A, confers a profound switch in
stereoselectivity, resulting in the formation of the opposite
enantiomer for both transformations (3b, W211A yielding
42% e.e. (S) versus 74% e.e. (R) for wild-type; 4b, W211A gave
52% e.e. (S) versus 63% e.e. (R) for wild-type).
Biotransformation  reactions with  purified enzyme
preparation for selected variants (wild-type, W35A, and
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W211A) across three transformations confirmed this pattern
of changes in stereoselectivity (ESL} Table S2). In addition to
the emerging evidence of the role of W211 in stereoselectivity
as demonstrated in MaRedAm, AspRedAm™** and other
RedAms,?® we identified two residues, W33 and W35, which
are excellent handles for improving the stereoselectivity of
MaRedAm. To our knowledge, the role of W33 and W35 in
stereocontrol in this enzyme family has not been previously
reported, and neither has any residue in this structural loop
been linked to stereocontrol in RedAms. Our work, therefore,
highlights these residues as key handles for improving
stereoselectivity in MaRedAm and by extension, these
residues may serve as handles for modifying stereoselectivity
in other RedAms.

Molecular dynamics simulations reveal structural
reorganisations of the active site

To investigate the rationale behind the observed changes in
stereoselectivity, we performed molecular dynamics (MD)
simulations on the AlphaFold model of MaRedAm-WT (ESLF
Fig. S1) and its variants, W33A, R35A, and W211A. Using
MaRedAm-WT as the reference, the trajectories and structural
changes resulting from these mutations were followed and
analysed to detect any structural contributions in the binding
step of the -catalytic mechanism. In each simulation,
NADP(H) and the substrates (indanone 3 + propargylamine b,
for the formation of rasagiline 3b) were explicitly included in
the models.

Analysis of the MD trajectories of W33A and R35A
mutations revealed a slight shift of NADP(H) towards W211,

Table 1 Investigating the effect of changing the steric bulk of conserved amino acids' side chains on the stereoselectivity of RedAms
/ / ; ketones
O ' 0
R J< + HZN/\\\ RedAm variant HN :
2
R? R?— :
R1 X 3 o
NADPH NADP* '
|
D-gluconolactone D-glucose | 4
GDH '
HN HNT O
\ :
3b 4b
MaRedAm and variants Conv. (%) e.e.% (abs. conf.) Conv. (%) e.e.% (abs. conf.)
MaRedAm WT 31 74 (R) >99 63 (R)*
W33A 43 95 (R) >99 97 (R)*
R35A 33 92 (R) >99 91 (R)*
Y118A 25 79 (R) 61 92 (R)
Y139A 31 64 (R) >99 25 (R)*
Y181A <1 n.d. 7 >99 (R)
W211A 30 42 (5) 95 36 (S)*

“ Absolute configuration was assigned based on a comparison with the elution patterns of the N-methyl analogue. n.d. = not determined.

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 AspRedAm structure in complex with NADP(H) and the amine product rasagiline (PDB: 5G6S) and an AlphaFold-generated structural
model of MaRedAm, showing equivalent positions that affect enantioselectivity
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Fig. 2 RMSD of V56-S63 a-helix obtained from molecular dynamics (MD) simulations of MaRedAm-WT and MaRedAm-W33A systems (a). RDFs of
R35-NADP(H) pair calculated from MD simulations of MaRedAm-WT and MaRedAm-R35A systems (b). For clarity, hydrogens were omitted, and
only relevant species were reported. In the figures, atoms in transparent-background representation are for the wild-type enzyme.

resulting in a downsizing of the substrate's binding pocket
(Fig. 2). The space created by the loss of the bulky indole
group of Trp is now occupied by the a-helix formed by amino
acid residues V56-S63 in the W33A mutant. This movement,
evidenced by the analysis of root mean square deviation (see
1.0 < RMSD (A) < 2.0 vs. 0.5 < RMSD (A) < 1.5 value
distributions in Fig. 2a), indicates a shift of NADP(H) towards
W211 (Fig. 2a and ESL} S2 and S4). A similar effect was
observed with the R35A mutant mainly due to the loss of the
stabilising ionic interaction between the guanidinium group
of R35 (found in WT) and the phosphate moiety of the
cofactor, as highlighted by the radial distribution function
(RDF) calculated for the R35-NADP(H)/R35A-NADP(H) pairs
(see absence of peak at ca. 2 A for MaRedAm-R35A, Fig. 2b).

3116 | Catal. Sci. Technol, 2025, 15, 3113-3121

The cofactor shifts with respect to W211 by ~1.0 A, moving
away from the R35A position, thus affecting the volume of
the substrate binding site (see NADP(H)-W211 distance
variations in Fig. S47).

While W33A and W35A mutations led to the reduction in
the volume of the substrate binding pocket, we observed an
opposite behaviour in MaRedAm-W211A simulations, where
the substrate's binding site was enlarged. The pocket
generated by the W211A mutation was filled by water
molecules, as shown by RDF calculated for W211-O,,/W211A-
O, pairs (Fig. 3a). In the case of the mutation-containing
system, two peaks appeared at approximately 3.5 A and 7 A,
corresponding to the first and second hydration shells
surrounding the amino acid residue. The influx of water

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cy00308c

Open Access Article. Published on 10 April 2025. Downloaded on 12/5/2025 11:39:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

a.
—Rep1 —Rep1
Rep2

MaRedAm-WT
MaRedAm-W211A — Rep2
0.5
0.4
w 0.3
[a]
x 0.2
0.1 f
0 .I//
012345678910
rw211-0y, (A)

View Article Online

Paper

L123-V136
§

Frequency (%)
0 50 100

0 25 50 75 100
Time (ns)

Fig. 3 RDFs of the W211-Oyy pair calculated from molecular dynamics (MD) simulations (a) and RMSD of the L123-V136 loop (b) obtained from
MaRedAm-WT and MaRedAm-W211A systems. For clarity, hydrogens were omitted, and only relevant species were reported. Atoms in the
transparent background are those of the wild-type enzymes, while water molecules are depicted as red spheres.

molecules in the site is also linked to a reorganisation of the
surrounding protein domain, such as the L123-V136 loop,
which, shifting from the equilibrium conformation in
MaRedAm-WT, contributes to the further opening and
enlargement of the active site pocket (see RMSD values in
Fig. 3b). Regarding the NADP(H)-W211 distance, all these
effects cumulated in an increase of up to 5 A with respect to
MaRedAm-WT (see Fig. S51).

These atomistic insights suggest that steric modulation of
these bulky residues resulted in structural reorganisations of
the cofactor and substrate binding pockets and their
interactions, which in turn affected the stereoselectivity of
MaRedAm. On the one hand, removing steric bulk around
the cofactor binding pocket via mutation caused a shift of
NADP(H) and the reorganisation of surrounding residues,
leading to a downsize of the active site. This reconfiguration
may limit the flexibility of the iminium intermediate within
the reduced active site volume, ultimately enhancing the pro-
(R) enantioselectivity of the wild-type, as observed with W33A
and W35A mutations. On the other hand, removing steric
bulk by mutations in the substrate's binding site creates new
pockets due to the space created by the mutation itself or by
shifts of the surrounding protein domains. Thus, the
iminium ion may rotate more freely, positioning it for Si-face
hydride delivery, as demonstrated by the switch in the
stereoselectivity observed with W211A.

N241 in a bacterial imine reductase (A0IRED) enables
stereocontrol via steric modification

Encouraged by these findings, we aimed to determine
if steric modulation is equally significant in the

This journal is © The Royal Society of Chemistry 2025

enantioselective reduction of cyclic imines. In selecting a
model IRED for this investigation, we considered the
underexplored IRED block. Asp and Tyr are highly conserved
at the standard 187 position in IREDs, resulting in most
characterised IREDs broadly falling into the D-type and
Y-type categories. However, a smaller proportion of IREDs
contain alternative residues, including those featuring Asn
at the standard 187 position, herein referred to as the
N-type IREDs. As the stereoselectivity categorisation does
not extend to the N-type IREDs, we first investigated the
selectivity pattern of a small panel of N-type IREDs: AoIRED,
AmIRED, ArIRED and SeIRED, retrieved through genome
mining (Table 2). A multiple sequence alignment of over
500 homologues of these selected enzymes showed that Asn
is conserved in >95% of the sequences, underscoring the
N-type enzymes as an important IRED subgroup. Each of
the four cloned enzymes was heterologously expressed in E.
coli BL21 (DE3). Biotransformation with fresh lysate
preparation of each enzyme converted imine 1 to the
corresponding (S)-2a, affording >90% conversion and 40-
87% e.e. (Table 2). This observation suggests that N-type
IRED block are predominantly (S)-selective towards the
enantioselective reduction of imine 1 and related structures,
and a further study with a large panel of N-type IREDs is
needed to establish the stereoselectivity pattern of the IRED
block.

Position 187 (N171 in AoIRED) has been shown to play an
important role in stereocontrol in multiple IREDs, including
the N-type IREDs. However, mutations at this position
frequently lead to concurrent activity loss, as demonstrated
with several IREDs.»'72*293%3% previous studies have also
shown that the Y179A mutation in AoIRED markedly altered

Catal. Sci. Technol., 2025, 15, 313-3121 | 3117
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Table 2 Stereoselectivity of AOIRED N241X variants for the reduction of prochiral imine 1

Investigating the stereoselectivity of IREDs containing Asn at the 187 position

187
slmsws ]l wamelemsml smeolmsmsl ssmslimeml smsmloswsl memsllomeml|l smemlmamall
150 160 170 180 190 200 210
SKIRED AAIGTADAVV LLSGPRSAFD PHASALGGLG AGTTYLGADH GLASLYDAAG LVMMWSILNG FLQGAALLGT
AOIRED AMVGHPGSVF LYSGSAEVFE EYKETLAGLG -DPVHLGTEA GLAVLYNTAL LSMMYSSMNG FLHAAALVGS
AmIRED PLVGHTGSLF LYSGSTEIFE THKETLADLG -DPAHLGTDP GLAVLYNTAL LSMMYSSLNG FLHAAALVGS
ArIRED AMVGRPGSVF LYSGAEDVFD AHKATLAVLG -EATYLGADP GLAVLYNTAL LSLMYSSMNG FLHAAALVGS
SeIRED EVIGTPSSVV FYSGAREPFD AHRSTLDALG GVPRYLGDDA GLAVLHNTAL LGLMWATVNG FLHAAALVES
SSIRED PLVGRPDAVF LYSGDRAVLD EHRATLASLG -DPRFLGADP TLAVLYNTAL LHMMYATLNG YLQATALVGS
SIIRED PLVGHPDSVF LYSGSRDVFD KHRAALAALG -DPRYLGSDP GLAVLYNTAL LDMMYATLNG WLHATALVGS
N187- type IREDs
predominantly (S)-selective
_N NADPH NH
1 (S)-2a
Enzymes GenBank no. Conversion [%] e.e. [%] (RorS)
A0IRED 5A9S_B >99% 85 (S)
AmIRED WP_125690082.1 90 40 (S)
ArIRED WP_257488618.1 >99 69 (S)
SeIRED WP_211898848.1 >99 77 (S)

the stereoselectivity towards 2,>**> however, mutations at this
position are likewise associated with a significant reduction
in activity across various IREDs, including AoIRED.*>%2
Hence, we sought to identify an alternative residue that can
serve as a handle for stereocontrol with minimal impact on
IRED activity. We previously demonstrated that AoIRED
N241A mutant displays enhanced substrate tolerance towards
bulky substrates such as dibenzazepines,*® implicating N241
in substrate recognition/specificity. The N241A mutant was
also shown to exhibit opposite selectivity compared to the
wild type,®* and this position has recently been shown to play
a similarly critical role in engineering stereoselectivity
inversion in D- and Y-types IREDs.*®

Encouraged by these observations, we examined the effect
of sterically varied residue substitutions at N241 on the
stereoselectivity of AoIRED (Scheme 2). Eight defined point
mutants at N241 comprising characteristically distinct amino
acid residues were constructed, including N241A, N241S,
N241C, N241Y, N241F, N241H, N241L, and N241W, and each
variant was expressed in E. coli to generate recombinant
whole-cell biocatalysts. Given the stereoselectivity changes
that can occur with purified AoIRED upon storage,*>
bioreduction of 2 was performed using resting E. coli whole
cells expressing an AoIRED mutant. Analysis of these
biotransformation reactions via chiral HPLC revealed that
variants containing amino acid residues with small side
chains, including N241A, N241S, and N241C, produced the
(R)-2a product, albeit with low to moderate e.e. values
ranging from 4% to 40% (Table 3). These results represent an
inversion in stereopreference, as AoIRED WT yielded (S)-2a,
85% e.e. In contrast, variants bearing amino acids larger than
Asn (N241Y, N241F, N241L, and N241H) retained the wild-

3118 | Catal. Sci. Technol., 2025, 15, 3113-3121

type stereoselectivity, yielding (S)-2a, but with significantly
improved enantiomeric excess (e.e.) values, ranging from
92% to >99% e.e. (Table 3). The N241W substitution was
associated with activity loss, likely due to unproductive
binding of the substrate caused by steric hindrance from the
bulky Trp (Table 3).

W34
R36
&
NADP
N171
‘Q&f T244
MTQJN%O
W209,_- L175 C
3.4
V214 \ N241
Y179
M178
Scheme 2 AoIRED in complex with amine 2a, and NADP(H)

showing the targeted N241 residue (PDB: 5FWN). While N171 and
Y179 have been shown to affect the stereoselectivity of IREDs,
mutations at these positions are associated with marked loss of
activity. This study examines the role of N241 in stereocontrol
without compromising activity.

This journal is © The Royal Society of Chemistry 2025
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Table 3 Stereochemical outcomes from bioreduction of imine 1 catalysed by AoIRED N241X variants

AoIRED N241A/S/C
" NADPH

(R)-2a
92 to >99% conv., up to 40% e.e.

AoIRED WT or
AoIRED N241L/H/Y/F
_N > NH
NADPH

(S)-2a
87 to >99% conv., up to >99% e.e.

Ao0IRED variants Conv. [%] e.e. [%] (RorS)
WT 98 85 (S)

N241L >99 98 (S)

N241H 87 92 (8)

N241Y >99 >99 (S)

N241F 98 97 (S)

N241W <5% n.d.

N241A 96 42 (R)

N241S >99 13 (R)

N241C 92 4 (R)

The pattern of the stereoselectivity of A0IRED N241X
variants indicates a critical role of steric bulk modification in
determining the stereoselectivity of this enzyme. Residues
with bulky hydrophobic and aromatic side chains at N241
would stabilise and ‘cage’ the imine substrate, resulting in
less flexibility such that hydride attack predominantly occurs
at one face, in this case, the Si-face. As a consequence, the
(S)-configured amine product was obtained with excellent e.e.
values, ranging from 92 to >99%. In contrast, a less intimate
interaction may allow flexibility for hydride delivery to both
Si-face and Re-face when a smaller amino acid occupies this
position, as in N241A, N241S, and N251C. This is evidenced
by the inversion of stereoselectivity and the poor to moderate
e.e. values (4-42%) with these substitutions.

Using imine 1 as the prototype substrate, we determined the
Michaelis-Menten constants of AoIRED WT, N241A, N241H,
and N241S variants. The catalytic efficiency, ke/Km (s mM™)
of these variants were 1.034, 1.934 (~1 fold improvement over
parent (FIOP)), 2.054 (~1 FIOP), 4.730 s mM ™" (~4 FIOP),
respectively (ESL;f Table S3). These improvements were
primarily driven by a decrease in the K, except for N241S,
which showed improvements in both K, and k., (ESL} Table
S3). The N241 position, therefore, enables the fine-tuning of
stereoselectivity and simultaneously enhances the catalytic
efficiency of this enzyme.

N241Y/H in AoIRED exhibits significantly improved solution
behaviour and storability

In our hands, AoIRED wild-type was shown to aggregate and
precipitate out of solution between 6-8 h after purification
when stored (4 °C) at concentrations above 4 mg mL™". We
purified N241X variants to homogeneity and investigated
their solution behaviour (Table 4). Notably, we observed that
N241X variants bearing polar residues/residues capable of
engaging in hydrogen bonding interaction such as N241S,
N241Y, and N241H, showed dramatically improved solution
behaviour and storability.

This journal is © The Royal Society of Chemistry 2025

While the N241F variant precipitated within 6 h of
purification, the N241S, N241Y and N241H remained
homogeneous for up to 18 h, 72 h, and >168 h (>7 days),
respectively, indicating a substantial improvement in
solution behaviour. Analysis of the pattern of substitution in
relation to the Kyte-Doolittle hydropathy index®” revealed
that residues with negative hydropathy scores and capable of
hydrogen bonding interactions, such as those in N241S,
N241Y, and N241H, exhibited enhanced stability (Table 4).
Protein aggregation can hinder the industrial exploitation of
promising but aggregation-prone biocatalysts, such as
AOIRED. It is therefore remarkable and novel for this enzyme
family that single-point mutants at the N241 position,
particularly N241H, dramatically enhanced solution
behaviour. This position can thus be explored to improve the
storability and stability of purified AoIRED and, by extension,
other aggregation-prone IREDs/RedAms.

Conclusion

In summary, our findings demonstrate that steric
modulation of residues at both the cofactor and substrate
binding sites can induce stereocontrol in IREDs/RedAms,
enabling the improvement as well as inversion of

Table 4 Investigation of solution behaviour of selected AolRED N241X
variants, with N241S, N241Y and N241H showing significantly improved
solution behaviour and storability. Enzymes were stored at 4 °C, and
precipitation was monitored at intervals by visual examination

Hydropathy index Time to
Variants Residues (Kyte-Doolittle) precipitate
AoIRED Wt Asn -3.5 <8h
N241F Phe 2.8 <6 h
N241C Cys 2.5 <8h
N241A Ala 1.8 12 h
N241S Ser -0.8 24 h
N241Y Tyr -1.3 72 h
N241H His -3.2 >1 week
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stereoselectivity through rational fine-tuning of the steric
bulk of these residues. The residues identified in this study:
W211 (in MaRedAm) and Q241 (N241 in AoIRED) at the
substrate binding pocket and W33 and W35 at the cofactor
binding site, can serve as key handles for fine-tuning
stereoselectivity in these enzymes to achieve the desired
stereochemical  outcomes, especially through steric
modulation. The comparative molecular dynamics outcomes
obtained from the enzyme-substrate complex simulations
have enabled the qualitative detection of structural details
underlying the origin of MaRedAm's enantioselectivity and
explain the effect of steric modulation resulting from these
mutations. Remarkably, exploring substitutions at the N241
position also significantly enhanced the solution behaviour
and storability of AoIRED, from less than 8 hours to over 1
week. This improvement not only enhances the practical
application of AoIRED but also suggests that strategic
mutations can have a significant impact on enzyme stability.
This work lays an important foundation towards making
engineering stereoselectivity in IREDs/RedAms predictable,
faster, and cost-effective. Future efforts will focus on
mapping additional residues that may act as handles for
stereocontrol and pinpointing the origin of enantioselectivity
in RedAms through quantitative calculations of accurate
energy profiles for the catalytic reaction, as well as analysis of
related intermediates and transition states.
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