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ABSTRACT

Application of enzymes as catalyst is emerging in academics and industries due to their high
selectivity, environment friendly nature, and sustainable reaction conditions. Being not evolved to
catalyze non-natural reactions, they often require modifications for industrial and research
applications. Altering wild type enzymes usually produces potential biocatalysts with a wide range
of desirable properties, suitable for industrial application. Hydroxynitrile lyases (HNLS) are a class
of enzymes emerged as potent biocatalysts in the global market for the synthesis of various
valuable optically pure compounds, i.e., a-cyanohydrins, and B-nitroalcohols. Based on the protein
structure, enantioselectivity and presence of cofactor, HNLs are diverse in nature; yet their
application in biotechnology industry is restricted with several limitations such as poor
enantioselectivity, limited yield and not being evolved to accept unnatural substrates. In the current
study, a plant HNL was engineered to achieve desired biocatalytic properties, such as increased
enantioselectivity, conversions, stability, selectivity and broad substrate selectivity, while
catalyzing a promiscuous reaction.

Here, we engineered a HNL and employed the variants to synthesize/prepare enantiopure 3-
nitroalcohols using the promiscuous Henry (nitroaldol) and retro-Henry (retro-nitroaldol)
reactions. Enantiopure B-nitroalcohols are chiral drug intermediates that have diverse applications
in pharmaceutical, agrochemical, and cosmetic industries. HNL catalyzed stereoselective synthesis
of chiral B-nitroalcohols is considered to be one of the most predominant methods among other
biocatalytic approaches as it involves an atom economy approach, and does not require additional
steps of substrate synthesis. So far, Arabidopsis thaliana hydroxynitrile lyase (AtHNL) is the only
HNL reported for both stereoselective cleavage (retro-nitroaldolase activity) and synthesis
(nitroaldolase activity) of chiral B-nitro alcohols. Unlike (R)-selective GtHNL and AcHNL which
requires cofactor, AtHNL doesn’t require any cofactor for catalysis. The synthetic scope of the
HNL catalyzed promiscuous nitroaldol reaction is high compared to the chiral cyanohydrin
synthesis because the later reaction involves the use of hydrogen cyanide and hence is not preferred
by the industries.

AtHNL catalyzing this promiscuous nitroaldol reaction is however limited by low
enantioselectivity, poor yield, and narrow substrate scope. In addition to these limitations, no

AtHNL engineering has been done to investigate its binding pocket towards this promiscuous



reaction. The mutational and modeling studies done so far are confined to understand the natural
cyanogenesis reaction only. To address the above limitations, we envisioned to engineer AtHNL
and explore the variants towards promiscuous retro-nitroaldol and nitroaldol reaction to obtain
enantiocomplementary p-nitroalcohols.

We engineered AtHNL by altering residues in its binding site at Phe179, Phe82, and Tyr14. Protein
engineering has enhanced the promiscuous retro-nitroaldolase activity, i.e., stereoselective
cleavage of racemic 2-nitro-1-phenyl ethanol (NPE) of AtHNL. Screening of the variants library
towards the retro-Henry reaction has identified F179N with ~2.4 fold greater catalytic efficiency
(kcat/Km) than the WT. Further it showed enantioslectivity (E) of 137.6, which is ~1.7 fold more
than the WT. Computational studies have supported the strong substrate binding by the F179N and
a better orientation of the substrate in the active site of F179N, which is similar with the data
observed from Kkinetics. Based on the interactions between (R)-NPE and AtHNL wild type at
different time intervals from the molecular dynamic simulations study, a plausible retro-nitroaldol
mechanism was proposed. Finally, a preparative scale synthesis of (S)-NPE using crude cell
lysates of F179N under optimized conditions was performed. This resulted in 48.6% isolated yield
of (S)-NPE with 93% ee, including ~20% ethyl acetate impurity.

The AtHNL variants were studied in the synthesis of (R)-B-nitroalcohols to address the limitations
such as low enantioselectivity, poor yield, and narrow substrate scope. The F179, F82 and Y14
library were screened towards the synthesis of (R)-NPE from benzaldehyde by asymmetric Henry
reaction. Selected variants were further studied towards the enantioselective nitroaldol reaction
with a wide range of substrates (aldehydes) along with nitromethane as a nucleophile. The AtHNL
engineering was proven productive with several aromatic aldehydes containing single, double and
triple substitutions in the aromatic ring, substituents at different positions of aromatic ring having
both electron-donating and withdrawing groups, as substrates in the chiral B-nitroalcohol
synthesis. Our study of the substrate scope of dozen of selected AtHNL variants in the synthesis
of diverse (R)-B-nitroalcohols revealed that the variants F179N, F179W, Y14M, Y 14F and Y14M-
F179W have improved the enzyme’s activity significantly. This study uncovered several AtHNL
variants which have successfully improved the promiscuous Henry reaction activity, broad

substrate selectivity, and enantioselectivity.

In final objective of the thesis, the selected AtHNL variants of the previous study were tested to

synthesize (R)-1-(4-methoxyphenyl)-2-nitroethanol, an industrially useful chiral intermediate.
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Combining this enzymatic synthesis, a chemo-enzymatic method was developed to synthesize a
chiral intermediate of (R)-Tembamide, i.e., (R)-2-amino-1-(4-methoxyphenyl)-2-ethanol, an
industrially significant active pharmaceutical ingredient. This involves a two-step process, (a)
enzymatic synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol, followed by, (b) a chemical
reduction of the enzymatic product. The double variant Y14M-F179W showed the highest %
conversion (70%) than other variants with > 99% ee in the synthesis of (R)-1-(4-methoxyphenyl)-
2-nitroethanol. Further, this product was reduced to (R)-2-amino-1-(4-methoxyphenyl)-2-ethanol
using a simple HCOOH/Zn in methanol at room temperature. We successfully made a clean and
green combination of an engineered AtHNL along with a chemical catalyst to efficiently synthesize
the (R)-Tembamide drug intermediate, i.e., (R)-2-amino-1-(4-methoxyphenyl)-2-ethanol in a
preparative scale.

Keywords: B-nitroalcohols, Arabidopsis thaliana hydroxynitrile lyase, biocatalysis, promiscuity,

protein engineering.
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Chapter I: Introduction




1.1. Protein engineering and its importance

In the recent times protein engineering has gained substantial importance in the field of
biocatalysis?. Enzymes in nature are potent to accelerate different reactions which are used in the
production of pharmaceuticals, fuels, agro and fine chemicals in bioprocess technologies.
However, enzymes in-vitro require modifications for industrial and research applications as they
evolved under various physiological conditions benefitting the organisms in which they live in,
not for the non-natural reactions and reaction conditions. Driven by the importance, the number of
examples of engineered enzymes in industries is continuously increasing. Enzyme engineering
involves modification of protein sequence by various techniques, e.g., site directed mutagenesis
(SDM), site saturation mutagenesis (SSM), and directed evolution (DM), which often generates
library of variants. Screening of these variants are usually carried out aiming to improve desired
biocatalytic properties, e.g., increased activity, affinity, selectivity (chemo, regio, and stereo),
stability and tolerance of broad substrate, pH and temperature (Figure 1.1). The growing
applications of protein engineering has made a revolutionary change in the traditional biocatalysis.
Apparently tailoring natural enzyme in the laboratory has become almost inevitable especially for

the industrial application of enzymes as a biocatalyst.



Native enzyme Improved enzyme

Figure 1.1: Overview of protein engineering.

1.2. Hydroxynitrile lyase

Hydroxynitrile lyases (HNLs) also called oxynitrilases (E.C. 4.1.2.x) are the enzymes mostly
found in higher plants. They are also reported in some bacteria, fungi, ferns, lichens and
arthropods. In nature, they catalyze the cyanogenesis, i.e., breakdown of a cyanohydrin molecule
into corresponding carbonyl compound and hydrogen cyanide, a C-C bond cleavage reaction®*.
The cyanide released serves as both a defense against predators and a nitrogen source for metabolic
purposes such as biosynthesis of asparagine, etc. (Scheme 1.1.a). In vitro HNLs also catalyze
stereoselective synthesis of a-cyanohydrins by nucleophilic addition of a cyanide into an
electrophilic carbonyl center. This is a stereoselective C-C bond forming reaction, an important
transformation in organic syntheses (Scheme 1.1.b)>2. This reaction plays an important role due

to its synthetic utility and importance of the chiral cyanohydrins as building blocks of many drugs,



fine chemicals and agro chemicals. The ability of HNLs to synthesize diverse enantiopure
compounds made way to emerge themselves as very important biocatalysts over time. HNLs have
gained importance in organic synthesis towards the production of a wide range of enantiopure

chiral products which are highly valuable in the global market.

R B-glycosidase 'T Hydroxynitrile lyase (HNL) Q
a) Sugar—O+CN ~ HO——CN R)J\H + HCN
H A H
ugar
Cyanogenic glycoside Cyanohydrin Aldehyde or Ketone
(aglycone)
o OH
b) H HNL §
+ HCN — Y
Aldehyde Chiral cyanohydrin

Scheme 1.1: HNL catalyzed (a) natural cyanogenesis reaction, (b) synthesis of chiral
cyanohydrins.

1.2.1. Classification of HNLs
HNLs are derived from a convergent evolution. They are classified into several groups based on

their (i) enantioselectivity, (ii) presence of co-factor and (iii) protein structure (Figure 1.2).

(i) Based on the enantioselectivity or absolute configuration of the product formed, HNLs are

classified into two classes:

(a) (R)-selective HNLs: They produce (R)-products, e.g., Arabidopsis thaliana HNL (AtHNL)®,
Prunus amygdalus HNL (PaHNL)X, Linum usitatissimum HNL (LuHNL), Chamberlinius
hualienensis HNL (ChuaHNL)*?, Parafontaria tonominea (PtonHNL)!3, Prunus serotine

(PsHNL)*, Prunus amygdalus turcomanica (PatHNL)'®°, Prunus mume (PmHNL)¥%17,



Amygdalus pedunculata Pall (ApHNL)*®, Passiflora edulis (PeHNL)¥®% Prunus communis
(PcHNL)?!, Prunus armeniaca L. (ParsHNL)?>% Acidobacterium capsulatum ATCC 51196

(AcHNL)?® and Granulicella tundricula (GtHNL)?, etc.

(b) (S)-selective HNLs: They produce (S)-products, e.g., Baliospermum montanum HNL
(BmHNL)?", Hevea brasiliensis HNL (HbHNL)?, Manihot esculenta HNL (MeHNL)? and

Sorghum bicolor HNL (SbHNL)¥, etc.
(i1) Based on the cofactor presence they can be categorized into the following two types:

(a) FAD-containing HNLs: These HNLs contain FAD cofactor in their structure, e.g., PaHNL and

other Prunus sp. HNLSs.

(b) Non-FAD based HNLs: These HNLs do not have any FAD with them, e.g., (R)-selective
HNLs: AtHNL, Phlebodium aureum HNL (PhaHNL)*!, LuHNL, Passiflora edulis HNL (PeHNL)
and Xylella fastidiosa HNL (XfHNL)%®?2% and (S)-selective HNLs: Sorghum bicolor HNL

(SbHNL), Ximenia americana HNL (XaHNL)3* HbHNL, MeHNL and BmHNL.
(iii) Based on the protein structure, HNLs can be categorized into nine superfamilies. They are

(@) o/p hydrolase fold: Enzymes belonging to this superfamily have a core of an o/p sheet rather
than a barrel. Thus, these enzymes contain 8 B-strands connected by 6 o-helices and a
conserved catalytic triad (nucleophile-histidine-aspartate). HNLs from o/f hydrolase fold
superfamily include HbHNL, MeHNL, AtHNL and BmHNL.

(b) Serine carboxypeptidases: Enzymes in this superfamily exists in heterodimeric form, which is
made-up by two pairs of chain A and B. Both chains are linked with glycosylated cysteine.
SbHNL is the single example of this family. SbHNL contains catalytic triad Asp, His, and Ser

similar to other HNLs.



(c) FAD containing oxidoreductases: HNLs from this superfamily show maximum similarity
(30% sequence similarity) with glucose-methanol-choline (GMC)-oxidoreductase but they do
not show any oxidase activity. HNLs from Prunus sp. are main examples in this category.

(d) Zn?* dependent alcohol dehydrogenase: LUHNL is only the example of this family. It displays
structure similarity to alcohol dehydrogenases (ADHSs) which catalyzes both the oxidation and
reduction of a wide range of alcohols and aldehydes. LUHNL and ADHs also have a conserved
Zn?* binding domain but LUHNL doesn’t exhibit any ADH activity.

(e) Cupin superfamily: Cupin fold HNLs are majorly bacterial HNLs. Ex: Burkholderia
phytofirmans HNL (BpHNL)%®, Pseudomonas mephitica HNL (PsmHNL)%*, Granulicella
tundricola HNL (GtHNL), and Acidobacterium capsulatum HNL (AcHNL). HNLs from this
superfamily exhibit a maximum identity with cupin fold superfamily proteins as they contain
conserved barrel domain.

(f) bet v1 fold: Davallia tyermannii HNL (DtHNL)® is the only the example of this family.
DtHNL is the first protein with a bet vifold exhibiting HNL activity with a new catalytic
center.

(9) a+p barrel fold: Passiflora edulis (PeHNL) is the only the example of this family. It contains
a central B-barrel in the middle of a dimer.

(h) Lipocalin superfamily: Chamberlinius hualienensis HNL (ChuaHNL) and Parafontaria
laminate (PlamHNL)®" are the examples of this family. These HNLs have high similarity to
the folding pattern of the other lipocalin proteins. The structural features of the lipocalin fold
HNLs comprises of a large cup shaped cavity, which is composed of structurally conserved
regions (SCRs). Their tertiary structure consists of 6 or 8 stranded [3-barrels stabilized by one,

two, or three sulfide bridges.



(i) A dimeric protein with a unique amino acid sequence not homologous to any other HNLSs.

Nandina domestica Thunb HNL (NdHNL-L)*® belongs to this category.

GtHNL HbHNL HbHNL
AcHNL MeHNL MeHNL
AtHNL SHHNL HNLs from AtHNL

LuHNL BmHNL ' Prunus sp. BmHNL

R)-selective S)-selective
|

‘ Based on ’

’ Based on
enantioselectivity

presence of cofactor

; Based on !
/ protein structure \

o/p hydrolase fold / ____________________ \ dimeric
\ oo oo
MeHNL ., oxypeptidases Lipocalin - sequence
AtHNL FAD 2+ a+p superfamily
BmHNL SbHNL ini Zn NdHNL-L

m containing 4 hendent  Cupinfold  betvifold —barrel  cpyaHNL
oxidoreductases %P fold
HNLs from alcohol BpHNL DtHNL PlamHNL
dehydrogenase PsmHNL PeHNL
Prunus sp. ydrog GHNL

LuHNL AcHNL

Figure 1.2: Overview of classification of HNLs based on the enantioselectivity, presence of
cofactor and protein structure.

1.2.2. Arabidopsis thaliana HNL (AtHNL)

AtHNL is the first (R)-selective HNL (EC:4.1.2.10) that belongs to o/p-hydrolase superfamily from
a non-cyanogenic plant®. It is structurally related to the (S)-selective HbHNL, MeHNL and
BmHNL of o/p-hydrolase superfamily®. Predominantly, AtHNL shows 45% identity and 67%
similarity in sequence with the (S)-selective HbHNL. Despite of such high sequence similarity
AtHNL shows opposite stereoselectivity in cyanohydrin synthesis. The opposite stereopreferences

of AtHNL and HbHNL is due to the opposite routes of proton abstraction during cyanogenesis.
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Based on the analysis of the complexes of the enzyme with (R)- and (S)-mandelonitrile (MN), it
was predicted that in AtHNL, the proton is abstracted from the OH-group of (R)-MN by the
histidine and moves back via the serine residue to the cyanide (clockwise), whereas in HoHNL the
proton is abstracted from the (S)-MN via serine and moves back to cyanide by histidine
(counterclockwise). In 2012, it was crystallized (PDB ID: 3DQZ), which confirmed its dimeric
form and revealed that AtHNL’s active site consists of a catalytic triad i.e., Ser®:-His?*¢-Asp?®, the
three residues that are conserved in other a/f-hydrolase fold HNLs®®. The insights of binding of
the cyanohydrins to the active site of AtHNL using modelling was also studied in comparison with
HbHNL. Modelling and mutational studies revealed that Asn*? side chain, main chain NH of Phe®,

236 are vital in case of

and Ala®3 play a crucial catalytic role in cyanogenesis, while Thritand Lys
HbHNL. In 2015, Rui et al investigated the catalytic mechanism of AtHNL catalyzed cyanogenesis
using QM/MM approach®. AtHNL is known to have a broad substrate selectivity and high
enantioselectivity towards a wide range of substrates, aliphatic and aromatic aldehydes in the
enantioselective synthesis of diverse (R)-cyanohydrins®4:#3, Its promiscuous catalytic activity in
the stereoselective synthesis of B-nitroalcohols is discussed later.

1.3. Importance of HNL engineering

HNLs are diverse enzymes with respect to their source, sequence, structural fold and catalytic site,
which might be the probable reason for them to show a varied degree of selectivity, i.e., chemo,
regio, and stereo and substrate acceptance in their catalysis. Despite of such natural diversity many
HNLs fail to fulfill the criteria of an industrial biocatalyst probably because they are not being
evolved to accept unnatural substrates, catalyze in unnatural conditions. Hence, their use is far

away from biotechnology industry. The industrial application of the non-engineered HNLS is thus

restricted to the catalytic potential of the nature evolved catalytic site. However, there are examples



where different HNLs have been engineered for improved biocatalytic properties. Some of them
are applied in various industrial applications, yet most of them lacks efficiency to synthesize chiral
unnatural cyanohydrins and B-nitroalcohols that find industrial application. Engineering HNLS is
an efficient approach to decrease such limitations. HNL engineering not only improves catalytic
properties such as catalytic efficiency, enantioselectivity, acceptance of various substrates but also
provides information about reaction mechanism of the enzyme. In 2011, Dadashipour and Asano
have reviewed elaborately about HNLs®. Wiedner et al in 2016 have discussed in a book chapter
about HNLs in biocatalytic synthesis of chiral cyanohydrins* and in the same year Bracco et al,
have reviewed about the HNL catalyzed synthesis of enantiopure chiral cyanohydrins®. Several
new HNLs were discovered in the past one-decade, new approaches developed in discovering

diverse HNLs* and many HNLs were engineered for biocatalysis.

1.4. Catalytic promiscuity

A few enzymes have the ability to catalyze reactions other than their natural ones. Such property
is called catalytic promiscuity, and the enzymes are called promiscuous enzymes. Catalytic
promiscuity in enzymes enables them to use the same active site to catalyze distinctly different
chemical transformations that may differ in the functional group involved or the catalytic
mechanism*, This ability of the enzyme to catalyse multiple and mechanistically distinct
reactions play a crucial role in developing new, novel and significant synthetic routes from the
traditional biotransformations. Increasing demands for enantiopure compounds using efficient and
versatile synthetic methods has certainly prompted to change from traditional biocatalysis to
develop new enzymes with catalytic promiscuity. Although finding this kind of catalytically

promiscuous enzymes is difficult in nature as they are accidental, using protein engineering one



can gain or improve enzyme promiscuity towards many biotransformations using different reaction

conditions and many unnatural substrates*®*°,

Apart from the stereoselective cleavage and synthesis of chiral cyanohydrins few HNLs also
catalyze stereoselective cleavage and synthesis of chiral B-nitro alcohols which are their
promiscuous reactions. While stereoselective synthesis of B-nitro alcohols is also known as Henry
reaction (nitroaldolase activity), the cleavage is called retro-Henry reaction, which is due to retro

nitroaldolase activity.
1.4.1. Nitroaldolase activity

The most important biocatalytic method to synthesize chiral B-nitroalcohols involves
enantioselective C-C bond formation between nucleophilic nitro alkane with an aldehyde or ketone
(electrophilic in nature). This is a nitroaldol reaction or Henry reaction catalyzed by only a few
HNLs (Scheme 1.2). The first and foremost asymmetric Henry reaction was done by Sasai and his
co-workers in 1992°%. As per literature many metal and nonmetal-based catalysts are used in this
reaction®>'° only a few enzyme-catalyzed Henry reactions are reported. Among them, HoHNL?®
catalyzed reaction showed a better enantioselectivity. The other HNLs which are reported for
nitroaldolase activity are bacterial HNLs, eg: GtHNL"*, AcHNL™ and plant HNLs, eg: AtHNL"

and BmHNL"3, GtHNL and AcHNL have also shown diastereoselective nitro-aldolase activity .

0 OH
y HNL Lo,
+ CH3NO, — =

Aldehyde Nitromethane Chiral B—nitroalcohol

Scheme 1.2: HNL catalyzed synthesis of chiral B-nitroalcohols.
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1.4.2. Retro-nitroaldolase activity

This involves the stereoselective cleavage of one enantiomer of a racemic 3-nitroalcohol based on
the stereopreference of the HNL resulting in the production of an aldehyde as the cleavage product,
and the complementary enantiomer that remains unreacted (Scheme 1.3). This approach is also
known as the asymmetric retro-Henry reaction. HbHNL and AtHNL are reported to show retro-
nitroaldolase activity’*"". The substrate scope of the AtHNL is extended to synthesize a broad

range of (S)-B-nitroalcohols.

OH

(S)- selective OH (R)- selective OH
NO, HbHNL NO, AtHNL ~_NO,
+PhCHO + CH3NO, ———> CHgNO; + PhCHO + @N
(R)-NPE rac NPE (S)-NPE

Scheme 1.3: Retro-Henry reaction catalyzed by HbHNL and AtHNL.

1.5. Enantiopure - nitroalcohols

1.5.1. Importance of enantiopure B- nitroalcohols

Enantiopure B-nitro alcohols are versatile chiral intermediates in the synthesis of a wide range of
chiral molecules with functional diversity. They are the vital chiral molecules and precursors of
several pharmaceuticals, fine and agro chemicals which makes them industrially significant.
Figure 1.3 represents some key molecules that could be synthesized using chiral B-nitro alcohols

as precursors.

1.5.2. Various synthetic chemical transformations of g-nitro alcohols

An optically pure B-nitro alcohol consists of a nitro and a hydroxyl group, attached to the vicinal
carbon centers of which either one or both are asymmetric. The potential transformations of these

two functional groups produces a wide variety of synthetic products with one or more different
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functionalities (Scheme 1.4)°*"8, The B-nitro alcohols upon dehydration gives rise to conjugated
nitro alkenes®?. They undergo reduction to form B-amino alcohols and they can also undergo
denitration process. They also oxidise to form nitro carbonyl compounds and a-hydroxy carbonyl
compounds via the Nef reaction’®®°. These nitroalkenes, p-amino alcohols and nitro carbonyl
compounds are valuable synthetic intermediates and can undergo a variety of nucleophilic and

cycloaddition reactions to form various bioactive drugs and natural products.

Nitroalkenes obtained from dehydration methods are employed in the synthesis of (a) various
nitrogen- containing natural products known for their biological activities such as indoles, primary
amines, various pyrrole derivatives, isoindoles via retro Diels-Alder reaction, (b) antibiotics like
lycoricidine and multiple coupling reagents like 2-nitro-2-propenyl-2,2-dimethylpropanoate
(NPP) which helps in convergent syntheses, and (c) 2-nitro-1,3-dienes which are potential reagents
for cycloaddition. Reduction of nitroalkenes is commonly used in the synthesis of a wide range of
nitroalkanes’®®. This approach is used in the synthesis of phenylethylamines which are of
biochemical and pharmacological significance. Nitroalkanes are also building blocks of several
heterocyclic derivatives such as y-lactones and spiroketals lactams via Nef reaction. The reduction
of nitro group followed by cyclization gives rise to a wide range of pyrrolidines and piperidines
derivatives. Several polyheterocyclic derivatives are obtained by the nitronate anion-cyclization
of nitroalkanes. The reduction of nitro group from a-nitroketone by denitration is an efficient
method for the preparation of various natural products such as (Z)- jasmone, dihydrojasmone and

various pheromones®'#?,

The B-amino alcohol moiety is a very important structural motif extensively seen in several natural
and synthetic biologically active molecules such as antibiotics, alkaloids, enzyme inhibitors, and

B -blockers®®®. A few examples of different drug molecules and natural products having B-
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nitroalcohol backbone with (S)- stereoselectivity are, (S)-chelonin A (antimicrobial)®, (S)-
tembamide (anti-HIV)®, (S)-toliprolol, (S)-moprolol®’, (S)-propranolol®, (S)-norphenylephrine®®,
(B-adrenergic receptor blocking agents), (S)-sotalol (antiarrhythmic agents)®, and (S)-miconazole
(antifungal)®® (Figure 1.3a). Similarly, examples of various significant drugs and natural products
having B-nitroalcohol backbone with (R)- stereoselectivity are (R)-tembamide® (shows
hypoglycemic activity), (R)-isoproterenol®? (B1-adrenergic receptor agonist), (R)-salmeterol®® (B-
adrenoreceptor agonist), (R)-clorprenaline (B2-adrenoreceptor agonist), (R)-salbutammol (B2-
adrenoreceptor agonist), (R)-arbutamine (a mixed pi-B2 adrenoreceptor agonist), (R)-
phenylephrine (ai-adrenoreceptor agonist), (R)-adrenaline (neurotransmitter)®® and (R)-
denopamine®® (Bi-adrenoreceptor agonist) (Figure 1.3b). Some of the natural products,
biologically active molecules, and drug molecules are having B-nitroalcohol diastereomers in their
structural backbone. Lipids and lipid-like molecules such as (R,S)-sphingosine®® and (R,S)-
spisulosine® also fall under this category. Some of the drugs such as (R,S)-ephedrine®’, (R,S)-
metaraminol®®, (R,S)-methoxamine®, (R,R)-chloramphenicol'®, and AZD-5423'%! also come

under this group (Figure 1.3c).

S{][Q @”Y@gpﬂj”f”"@”

(S)-Chelonin A S)-Tembamide )-Sotalol (S) Norphenylephrlne
OMe H
(S)-Toliprolol (S)-Moprolol Propranolol )-Miconazole



(R)-Tembamide (R)-Isoproterenol (R)-Salmeterol (R)-Denopamine
OH
OH
(R)-Phenylephrine (R)-Adrenaline (R)-Clorprenaline (R)-Salbutamol

OH H
HOD)V L
HO OH

(R)-Arbutamine

HO cl HO !

: OH OH !
P ©) \H)\/ Z |
| = HO ,
| (Ca- HOM P
: NH NH, NH2 NH :
E (R,S)-Spisulosine (R,S)-Sphingosine (R,S)-Metaraminol (R,S)-Ephedrine E
| jev
X OMe OH OH e} ,
‘ MeO !
' z OH i .
: NH; NHCOCHCI HN_ _CF !
l OaN i Y |
: OMe o) !
E (R,S)-Methoxamine (R,R)-Chloramphenicol (R,S)-AZD-5423 E

________________________________________________________________________________________________

Figure 1.3: Examples of pharmaceuticals, biologically active molecules, and natural products
derived from enantiopure a) (S)-B-nitroalcohol adducts, b) (R)-B-nitroalcohol adducts and c) chiral

B-nitroalcohol diastereomers.
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Scheme 1.4: Various synthetic chemical transformations of a B-nitro alcohol adduct.

1.5.3. Asymmetric synthesis of g-nitroalcohols

The various synthetic transformations that have been used so far for the synthesis of enantiopure

B-nitroalcohols can be broadly classified into the following two types.

a) Chemical method

b) Biocatalytic method
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1.5.3.1. Asymmetric synthesis of B-nitroalcohols by chemical catalysts

Several established methods have been reported for the synthesis of chiral B-nitroalcohols that
used chemical catalysts and majorly by Henry reaction (Scheme 1.5). As per literature many
metals and non-metal-based catalysts are used in the asymmetric synthesis of B-nitroalcohols.
Different catalysts such as the rare earth metal alkoxides, rare earth hexamethyldisilazides and
binaphthol (BINOL) — rare earth metal complexes have been reported in the asymmetric synthesis

of B-nitroalcohols®> 7,

chiral OH
NO 0 catalyst R
A A R
Ry Ry H™ Rj R1 NO,

Scheme 1.5: Asymmetric Henry reaction using a chemical catalyst.

1.5.3.2. Importance of biocatalysis

Currently, a tremendous revolution towards a green and ecofriendly catalysis for the synthesis of
chiral molecules is emerging in the global market. A lot of complications arise in the reactions
catalyzed by chemical catalysts such as formation of various undesired side products due to the
ability of strong bases to catalyse unwanted side reactions that include Aldol, Cannizzaro and water
elimination reactions. Apart from being hazadarous and non-eco-friendly the chemical catalysts
used in the reactions are too costly. These glitches in the chemical catalysis have led to an increase
in the demand for an alternative way, i.e., enzyme based catalysis or biocatalysis. Over the years
enzymes have been exploited in laboratories to carry out diverse chemical reactions. Enzyme based
catalysis have created a different field of organic synthesis, biocatalysis, and have been used in the

synthesis of a wide range of valuable enantiopure chiral products. Enzymes catalyze a broad range
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of industrially significant biochemical transformations with high efficacy and selectivity. Unlike
the chemical catalysts, they are chemo-, regio- and stereoselective in nature. Most of the enzymes
possess a high catalytic turnover that implies the amount of substrate converted to product in a unit
time is very high for them. Such high selectivity, turnover and efficacy is almost impossible to

achieve using a chemical catalyst. The advantages of biocatalysis are given below.

» They provide a simple, sustainable, clean and cost-effective green catalysis.

» They are nonhazardous and ecofriendly and avoid the usage of toxic/metal/hazardous
catalysts.

» They are biodegradable.

» They work under mild reaction conditions such as pH and temperature, which reduces the
side reactions of the process and makes fewer byproducts.

> Biocatalysts are highly selective in nature.

» They do not require protection of functional groups in the substrate.

» They are reusable by immobilization.

1.5.3.3. Asymmetric synthesis of chiral B-nitroalcohols by biocatalytic approaches

Miner et al. in 2012 described two main biocatalytic approaches towards the synthesis of (-
nitroalcohols™. In 2021, Padhi et al. reviewed six major biocatalytic approaches to synthesize
chiral B-nitroalcohols®?. They are (a) kinetic resolution of racemic B-nitroalcohols, mostly
catalyzed by lipases, (b) dynamic kinetic resolution that uses multienzymes or a chemoenzymatic
system, (¢) asymmetric reduction of a-nitroketones catalyzed by alcohol dehydrogenase (ADH) or
corresponding whole cells, and (d) halohydrin dehalogenase (HheC) catalyzed enantioselective

epoxide ring-opening (e) Henry reaction by direct C-C bond formation between a carbonyl and
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nitroalkane substrate, mostly catalyzed by a HNL, (f) stereoselective cleavage of racemic -
nitroalcohols (retro-Henry reaction), (Figure 1.4). Among all the above biocatalytic routes the
most important one is to synthesize chiral B-nitroalcohols using Henry reaction catalyzed by

HNLs.

(0]
R)J\/Noz

0 Biocatalytic asymmetric 0
)J\ reduction
R™>H t CH3NO, (0]
Direct C-C bond ADH R)VNOZ
formation x /l Kinetic resolution
OH R \ :
O(H)COR
R&Noz NO
HHheC R 2
Stereoselective Dynamic kinetic
cleavage O resolution
R
Enantioselective epoxide
ring opening

Figure 1.4: Major biocatalytic approaches for the synthesis of chiral -nitroalcohols.

1.6. Promiscuous catalytic activity by HNL in synthesis of enantiopure B-nitroalcohols

Few HNLs which are known for their stereoselective synthesis of enantiopure -nitroalcohols are

summarized below.

1.6.1. HNLs (non-engineered) catalyzed synthesis of enantiopure B-nitroalcohols

In 2006, Purkarthofer et al. reported the first biocatalytic enantioselective nitroaldol synthesis
using Hevea brasiliensis HNL (HbHNL), an (S)-selective HNL?®. Using HbHNL, they have
examined the addition of nitromethane to benzaldehyde which gave (S)-2-nitro-1-phenylethanol

in 63% yield with 92% ee (Scheme 1.6.a). The reaction was carried out in phosphate buffer pH
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7.0, in presence of the organic solvent tert-butyl methyl ether (TBME) at room temperature for 48
h. They have also done the HbHNL catalyzed reaction of nitroethane and benzaldehyde which
gave a diastereomeric mixture of 2-nitro-1-phenylpropanol in 67% yield (Scheme 1.6.b). They

obtained 90% (1S, 2R)-2-nitro-1-phenylpropanol as the main product.

HbHNL
| phosphate buffer/TBME 1:1 OH
a R-CHO + CH3N02 > = NO
2
pH 7, 1t, 48 h R

oH OH
N0, 4 Ph/'\./NO2
HbHNL P 2

b)  Ph-CHO + CH3CH,NO, - R
phosphate buffer-pH 7/TBME 1:1 18,2R 1R,2S
OH X OH
~__NO NO
Ph/\_/ 2 Ph)\r 2
R R
1S8,2S 1R,2R

Scheme 1.6: HbHNL catalyzed stereoselective addition of (a) nitromethane to aldehydes, (b)
nitroethane to benzaldehyde.

In 2007, Griengl et al studied the HbHNL catalyzed nitroaldol reaction with various aromatic,
hetero-aromatic and aliphatic aldehydes and nitromethane!®®. The reaction was carried out at room
temperature in a biphasic aqueous-organic system with TBME as organic solvent. Initially, they
performed experiments with 50 mM phosphate buffer at pH 7.0. Later, they switched on to citrate
phosphate buffer) pH 5.5 to decrease the non-enzymatic deprotonation of nitromethane that takes
place at pH 7.0. The corresponding addition of nitroethane to benzaldehyde produced two

stereocenters simultaneously and a diastereomeric mixture of 2-nitro-1-phenylpropanols was
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obtained. The anti/syn ratio was 9:1 and the enantiomeric excess of the anti-isomer was 95%.
Thus, the product mixture contains about 90% of the main product (1S,2R). But no engineering of
HbHNL was done in any of these works. Apart from HbHNL, AtHNL is also reported to perform
nitroaldol reaction. In 2011, Asano et al. used AtHNL in an aqueous—organic biphasic system to

synthesize (R)-B-nitro alcohols’® (Scheme 1.7).

AtHNL
j\ KPB pH7/ n-butyl acetate(1:1)  OH
+ CH3N02 N02
R™ 'H ft, 2 h R

R=Ph, and other aromatic aldehydes, i.e., 2-Me,3-Me,4-Me,
2-OMe,3-OMe,4-OMe, 2-Cl,3-Cl,4-Cl,4-F,4-Br

Scheme 1.7: AtHNL catalyzed asymmetric synthesis of (R)-B-nitro alcohols.

1.6.2. Engineered HNL catalyzed synthesis of enantiopure p-nitroalcohols

Bekerle-Bogner et al. tested both GtHNL and AcHNL for stereoselective synthesis of S-nitro
alcohols'®. GtHNL engineering has resulted in mutants with higher enantioselectivity, and
improved activity. SDM on AcHNL and GtHNL has produced several mutants that enhanced the
substrate selectivity and stereoselectivity of the enzymes especially towards the enantioselective
and diastereoselective synthesis of Henry products (Scheme 1.8). While GtHNL was almost
inactive, wt AcCHNL showed only 37.5% conversion and 79% ee of (R)-product in 24 h in the
synthesis of (R)-2-nitro-1-phenylethanol. A study of the various mutants of GtHNL and AcHNL
prepared earlier, e.g., A40H, A40R, and A40H-V42T-Q110H toward the synthesis of Henry
products revealed that all of them show higher % conversion and ee than their wt. For example,
AcHNL-A40H resulted in 73% conversion and 99.3% ee of (R)-2-nitro-1-phenylethanol in 4 h,

while AcHNL-A40R showed 73% conversion and 96% ee after 24 h. Similarly, in case of GtHNL,
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the mutants A40H, A40R and A40H-V42T-Q110H have shown 74 and 95.5, 75 and 94, and 73

and 94.5% of conversion and % ee respectively in the synthesis of (R)-2-nitro-1-phenylethanol%.

Five mutants of GtHNL (A40R and A40H-V42T-Q110H) and AcHNL (A40H, A40R and A40H-
V42T-Q110H) have shown broad substrate selectivity'®. They catalyzed the synthesis of (R)-
nitroaldol products of aromatic, i.e., 2-chlorobenzaldehyde, as well as aliphatic aldehydes, i.e.,
cyclohexanecarboxaldehyde and hexanal in 31- 97% conversion and 23-99% ee. These five
mutants were also tested for diastereoselective synthesis of Henry products by coupling
benzaldehyde and nitroethane. The wild type as well as all the five mutants produced up to 88%
ee of the (R)-anti product, i.e., (1R,2S)-2-nitro-1-phenylpropanol. They studied the effect of
various metal ions, i.e., Mn?*, Ni?*, Co?*, Fe?*, and Zn?* on the GtHNL-A40H-V42T-Q110H
catalysis toward stereoselective synthesis of Henry products. They observed a slower reaction with
the Zn?* bound enzyme, in contrary the Co?*, Fe?* bound enzymes showed faster rate than the
normal Mn?* containing triple mutant. This result shows that, GtHNL catalyzed Henry reaction is

not specific to Mn?* rather other metal ions, e.g., Co?*, Fe?* can also be used.

0o - OH
GtHNL / AcHNL mutein
a) R)LH + CH3NO, R)VNO2
KPB pH 6/ TBME (1:1) (R)
30°C,24h
R=2-CICgHy,, cyclohexyl, conv: 31-97%
CH3(CHy)4 ee:23-99%

OH OH
(S) (S

@%‘v @W

GtHNL / AcHNL mutein NO, NO,

CHO
©/ + CH3CH2N02
KPB pH 6/ TBME (1:1)

30°C, 24 h O*(‘R Q'l)
(R) (S)
O, O,

Scheme 1.8: GtHNL and AcHNL catalyzed synthesis of A) enantioselective Henry products, and
B) diastereoselective Henry products.

b)
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1.6.3. Engineered HNL catalyzed synthesis of enantiocomplementary B-nitroalcohols using
retro- nitroaldol reaction

In 2010, Yurvev et al. worked on biocatalytic retro-Henry reaction where the enantioslective
cleavage of racemic 2-nitro-1-phenylethanol using HbHNL was carried out to produce (R)-f-
nitroalcohols in 95% ee, 49% conversion’®. In 2014, Kazlauskas et al. engineered HoHNL and
tested the mutants for the retro-Henry reaction'®. They found a variant HbHNL-L121Y, which
catalyzed the cleavage of 2-nitro-1-phenylethanol 4.8 times more efficiently (specific activity 0.62
Umg?) than the wild type (0.13 Umg™). A triple variant HOHNL-L121Y-F125TL146M showed
better specific activity (0.71 Umg?) and 3.3 times higher kea: than the wild type. In 2019, our group
has synthesized ten aromatic (S)-p-nitroalcohols using AtHNL catalyzed retro-Henry reaction with
optimized biocatalytic reaction conditions™® (Scheme 1.9). At least half a dozen aromatic (S)-p-
nitroalcohols were synthesized showing 99% ee and 47% conversion and enantioselectivity up to
84. Subsequently a celite immobilized AtHNL was explored to catalyze retro-Henry reaction to

produce a series of (S)-B-nitroalcohols under optimized conditions’”.

OH AtHNL OH o)
X NO2 Gitrate phosphate buffer X S NO, o N H
| P pH 5, toluene (65% v/v) | P (S) R/ _—
R 37h R
R=Ph, 3-OMe, 3-Me, 3,4,5-triOMe,

Upto 99% ee
3-OH, 4-Me, 4-OMe, 4-N02, 19-49% conv.

2,3,4-triOMe, 2,5-diMe

Scheme 1.9: AtHNL catalyzed synthesis of (S)-p-nitroalcohols by retro-Henry reaction.

Recently, we have engineered AtHNL and the variants were used to synthesize (S)-p-nitroalcohol

via retro-Henry reaction'® (Scheme 1.10). The AtHNL-F179N variant showed ~ 2.4-fold Keat/Km
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than the native enzyme towards retro-nitroaldolase activity. The same variant has also shown

increased enantioselectivity (E value) of 138 vs. 81 by the wild type for the same reaction.

OH AtHNL-F179N OH 0
NO2  Gitrate phosphate buffer S NO . H + CH3NO,
pH 5.5, toluene (65% v/v) (S)
3h

Scheme 1.10: AtHNL-F179N catalyzed synthesis of (S)-2-nitro-1-phenylethanol by retro-Henry
reaction.

1.7. Engineered HNL catalyzed other promiscuous reactions

Apart from stereoselective and synthesis of chiral cyanohydrins and B-nitroalcohols, few HNLs
are reported to exhibit activity for other biotransformations. In 2010, Kazlauskas et al. used two
amino acid substitution in a plant esterase salicylic acid binding protein 2 (SABP2) to shift it to a
HNL®. Thus, they produced a variant SABP2-G12T-M239K, which showed its activity towards
release of cyanide form mandelonitrile and lost its activity for ester hydrolysis. In 2014,
substitution was done in HoHNL to convert its HNL activity to esterase activity!?’. The
substitutions at Thr1l and Lys236 to Gly in HoHNL decreased 100-fold HNL activity towards the
cleavage of mandelonitrile, at the same time improved esterase activity up to three fold. When
another mutation was added to it, i.e., Glu79His, the new variant enhanced esterase activity more
than 10-fold.

In 2016, Devamani et al. used divergent evolution to study the HNL promiscuity towards many
reactions®. They have reconstructed the ancestral enzymes at four branch points in the divergence
HNL’s from esterases ~100 million years ago. The ancestral enzyme sequences were inferred from

the sequences of the modern descendant enzymes using either neighbor joining, maximum
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parsimony, maximum likelihood, or a combination of maximum parsimony and maximum
likelihood. They were investigated towards Henry reaction to synthesize 2-nitro-1-phenylethanol.
MeHNL gave 76% conversion and 5% ee of (S)-enantiomer, HNL1-ML (construct origin-
maximum likelihood) gave 85% conversion and 83% ee of (S)-enantiomer, HNL 1-NJ (construct
origin- neighbour joining) gave 98% conversion and 95% ee of (S)-enantiomer, HNL 1 gave 91%
conversion and 96% ee of (S)-enantiomer and Arabidopsis thaliana esterase (AtEST) gave 96%
conversion and 88% ee of (R)-enantiomer. Among the other promiscuous activities, HNL 1-NJ
catalyzed Michael addition that resulted in 19% conversion and 56% ee of (S)-enantiomer of 3-(2-
nitro-1-phenyl ethyl) pentane-2, 4-dione. It also showed lactonase activity giving 66% conversion
and 99% ee of (S)-enantiomer of 5-phenyldihydrofuran-2(3H)'%, Esterase 2 (EST 2) showed 34%
conversion and 55% ee of (R)-methyl mandelate, Esterase 1 (EST 1) showed 24% conversion and
34% ee of (R)- methyl mandelate and Rauvolfia serpentine esterase (RSEST) showed 68%
conversion and 99% ee of (R)- methyl mandelate. Few of them also showed Lactamase activity to
synthesize 2-Azabicyclo-[2.2.1]-hept-5-en-3-one as the product. Towards this reaction, Esterase
3-NJ (construct origin- neighbor joining) showed 47% conversion and 78% ee for (1R,4S)-product,
EST 2 produced the (1R,4S)-product in 37% conversion and 59% ee, EST 1 resulted in 52%
conversion and 96% ee of the (1R,4S)-product and SABP2 showed 51% conversion and 92% ee
of the (1R,4S)-product.

In 2017 Jones et al. uncovered how the identical active sites show opposite enantioselectivities in
case of HbHNL and AtHNL®. They reconstructed the last common ancestor of HbHNL and
AtHNL called EST3 mL which could catalyze both cyanohydrin cleavage and ester hydrolysis.

EST3 mL has Asnll and Met236, similar to AtHNL while the corresponding residues in HboHNL
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are Thrll and Lys236. Using SDM, they exchanged key active site amino acids in both AtHNL
and HbHNL, and studied the library to address the opposite enantioselectivity of them.
In 2020, the same group reconstructed a catalytically active ancestral HNL, i.e., HNL1 in the o/B-

hydrolase fold superfamily™°

. They replaced HbHNL with three residues corresponding to HNL1
(Leul21Phe, Leul46Met and Leul78Phe) that expanded its binding site and resulted in increased
esterase activity by 125-fold. This replacement also improved HNL activity by 3-fold.
Subsequently, they altered the active site of HNL1 by replacing its three residues with the
corresponding residues of HoHNL (HNL1 w/o binding) and noticed that the esterase activity of
HNL1 w/o binding decreased 15-fold as compared to HNL1 and the HNL activity decreased 2-
fold. The promiscuity (= 1/selectivity) of HNL1 w/o binding decreased 7 fold as compared to
HNLZ1, mainly due to the decline in the esterase activity. Further, they made replacement in HNL1
(Thr11Gly/Lys236Gly/Glu79His) aiming to gain esterase catalysis. They observed 10-fold
decreased HNL catalytic efficiency and 22-fold increased esterase catalytic efficiency by the triple
variant!'?. This HNL1 + esterase catalysis variant was equally effective as an esterase, but retained

more HNL activity. The esterase activities of HoHNL + esterase catalysis variant and HNL1 +

esterase catalysis variant were ~10-fold lower than that for a related esterase (SABP2).

1.8. Requirement of HNL engineering for promiscuous synthesis of enantiopure B-

nitroalcohols

HNLs play a significant role as green catalysts in the sustainable chemistry and offer an alternative
to the existing methods of using hazardous metals and toxic chemicals for several stereoselective
C-C bond-formation reactions. They have emerged as potential biocatalysts for the synthesis of

various optically pure cyanohydrins and p-nitroalcohols, which can be applied in pharmaceutical,
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agrochemical, chemical and cosmetic industries. HNL catalyzed stereoselective synthesis of chiral
B-nitroalcohols has a predominant role in fulfilling the need for synthesizing diverse industrially
significant products. Further, using a single HNL, one could access to enantiocomplementary -
nitroalcohols using nitroaldol and retro-nitroaldol reactions. Undoubtedly, the synthetic scope of
the HNL catalyzed promiscuous nitroaldol reaction is high compared to the chiral cyanohydrin
synthesis because the later reaction involves the use of hydrogen cyanide and hence is not preferred
by the industries. So far, AtHNL is the only HNL reported in both enantioselective cleavage (retro-
nitroaldol) and synthesis (nitroaldol) of chiral B-nitroalcohols. Unlike (R)-selective GtHNL and
AcHNL, the AtHNL doesn’t require any cofactor for its catalysis. However, AtHNL’s promiscuous
nitroaldolase activity is limited by low enantioselectivity, poor yield, and narrow substrate scope
in the enantioselective synthesis of B-nitroalcohols. While the design and engineering of AtHNL
could improve the promiscuous catalytic activity, which subsequently opens the opportunities for
synthetic applications of the engineered enzymes, lack of mechanistic understanding remains a

constraint in this approach.

Thus, the goal of the thesis is to engineer AtHNL, to improve its catalytic properties for
nitroaldolase and retro-nitroaldolase activity. We also aimed to investigate the mechanism of the
enzyme by choosing the simple retro-nitroaldol reaction. We further envisioned to develop a new
chemo-enzymatic method to synthesize a chiral intermediate of (R)-Tembamide, i.e., (R)-1-(4-

methoxyphenyl)-2-nitroethanol using engineered AtHNL catalyzed nitroaldol reaction.
1.9. Objectives

The major objectives of the thesis are framed as follows:
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To investigate the binding site of AtHNL, identify and alter residues, for increased catalytic

efficiency and enantioselectivity towards the promiscuous retro-nitroaldol reaction.

To improve nitroaldolase activity of AtHNL and synthesize diverse (R)-B-nitroalcohols

using engineered enzymes.

To develop a new chemo-enzymatic method for synthesis of a chiral intermediate of (R)-

Tembamide, a natural product drug, using engineered AtHNL.
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Chapter 2: AANL engineering to

increase catalytic efficiency and
enantioselectivity towards the promiscuous
retro-nitroaldol reaction
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2.1. Introduction

In recent years enzymes have been increasingly exploited in the green synthesis of non-natural
molecules and for different abiological reactions, by virtue of their substrate and catalytic
promiscuity. However, the catalytic efficiency of natural enzymes for promiscuous reactions are
often found to be low. This has triggered the research for laboratory evolution of enzymes with
improved catalytic properties. While design and engineering of enzymes for improved
promiscuous catalytic activity can be facilitated with mechanistic understanding, in several cases,
the mechanism of promiscuous catalytic activity is not well understood. Here we have tried to
address a similar case of improvement of promiscuous retro-nitroaldolase activity of a
hydroxynitrile lyase (HNL) by protein engineering and predicted its plausible catalytic
mechanism.

HNLs in nature catalyze cyanogenesis of cyanohydrins®3. In vitro they carry out the reverse
transformation of nucleophilic addition of cyanide to the carbonyl center in the synthesis of
enantiopure cyanohydrins*®. A few of them show promiscuity in addition of nucleophiles other
than cyanides, e.g., nitromethane leading to the stereoselective synthesis of nitroaldol reaction
products, i.e., B-nitroalcohols®2°. Both the enantiopure cyanohydrins and p-nitroalcohols are
important chiral synthons used in the preparation of pharmaceuticals, agrochemicals, and
biologically active molecules. The reverse transformation of the above two synthetic reactions are
cyanogenesis and retro-nitroaldol or retro-Henry reaction (Scheme 2.1). The latter is a
synthetically important biotransformation, because a HNL catalyzed retro-nitroaldol reaction
produces enantioenriched B-nitroalcohols having absolute configuration opposite to that of the
stereopreference of the HNL!3, This approach enables the enzyme to produce opposite

stereopreference products as compared to that it produces in the nitroaldol reaction and hence we
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became interested on this reaction. Kinetic resolution, dynamic Kinetic resolution are other
biocatalytic approches for synthesis of chiral B-nitroalcohols**28, As the retro-nitroaldol reaction
IS emerging as a new synthetic route to prepare enantiopure B-nitroalcohols, we aimed to improve

the catalytic efficiency of AtHNL’s retro-nitroaldolase activity by protein enginering.

OH

OH
NO . _NO

No, _AMNL ©/\CN + PhCHO + HCN

Scheme 2.1: Retro-nitroaldol reaction (top), and conventional cyanogenesis (bottom) by AtHNL.

The catalytic efficiency of AtHNL’s promiscuous retro-nitroaldolase activity is reported to be 2571
min~t.mM-, To improve it further, we engineered AtHNL by altering residues in its binding site.
In order to accomplish our objective, we docked both (R)-mandelonitrile (MN) and (R)-2-nitro-1-
phenylethanol (NPE) into the active site of AtHNL separately and identified three residues in the
binding site (Phe82, Phel79, and Tyrl4). Site saturation mutagenesis (SSM) was performed at
positions Phel79, and Tyr14; while a smart library was created for Phe82 by replacing it with polar
amino acids. The resulting variants were quantified in a spectrophotometer for the retro-nitroaldol
reaction using cleavage of racemic NPE to benzaldehyde. The NPE cleavage study uncovered
nearly a dozen of variants in the Phel79 and Tyrl14 series that exhibited more than a two-fold
increase in the promiscuous retro-nitroaldolase activity than the wild type (WT). The variants

showing higher retro-nitroaldolase activity than the WT were kinetically characterized. Selected
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variants were explored for enantioselective preparation of (S)-NPE. Overall, this study has
produced variants with higher catalytic efficiency for retro-nitroaldol reaction, and higher
enantioselectivity (E value) in (S)-NPE production compared to the WT. It also resulted in more
than half a dozen of synthetically useful variants showing >99% ee in the preparation of (S)-NPE.
Additionally, molecular docking and molecular dynamics simulations investigations showed a
better binding and orientation of the substrate in the active site of F179N mutant, which may

attribute towards the higher catalytic efficiency observed in F179N.

2.2. Objectives

1. To investigate, identify binding site residues and carry out protein engineering.

2. To screen AtHNL variants towards retro-nitroaldolase activity.

3. To prepare (S)-B nitroalcohol using engineered AtHNL variants.

4. To study and understand the binding site of AtHNL towards the retro-nitroaldolase activity

using in-silico studies.

5. To carry out preparative scale synthesis of (S)-p nitroalcohol by retro-nitroaldol reaction using

engineered AtHNL.

2.3. Materials and methods

2.3.1. Chemicals and materials

AtHNL (UniProt accession ID: Q9LFT6) synthetic gene cloned in pET28a was procured from
Abgenex Pvt. Ltd, India. Culture media and kanamycin were purchased from HiMedia laboratory
Pvt. Ltd, India. Isopropyl-4-D-1-thiogalactopyranoside (IPTG) was obtained from BR-BIOCHEM

Pvt. Ltd, India. Aldehydes, nitromethane and mandelonitrile were procured from Sigma Aldrich,
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AVRA, SRL and Alfa-Aesar. HPLC grade solvents were obtained from RANKEM, Molychem,

FINAR, and SRL.

2.3.2. Primers employed in this work
Primers were synthesized by Eurofins Genomics India Pvt. Ltd., Hyderabad, India (Table 2.1).

Table 2.1: List of Primers used in this study. Italicized nucleotides are the site of mutation.

2.3.3. Mutagenesis

Site directed (SDM) and site saturation mutagenesis (SSM) was done by PCR using mutagenic

Name Sequence

F82A- FP GTTGGTTTCAGCGCGGGTGGCATCAAC
F82A- RP GTTGATGCCACCCGCGCTGAAACCAAC
F179A- FP GTCAAGGCAGCGCGTTTACCGAGGAT
F179A- RP ATCCTCGGTAAACGCGCTGCCTTGAC
F179N-FP GTCAAGGCAGCAACTTTACCGAGGAT
F179N-RP ATCCTCGGTAAAGTTGCTGCCTTGAC
F82MVK-FP | GTTGGTTTCAGCMVKGGTGGCATCAAC
F82MBK-RP | GTTGATGCCACCMBKGCTGAAACCAAC
Y14NNK-FP | TTCATAATGCGNNKCACGGTGCGTG
Y14MNN-RP | CACGCACCGTGMNNCGCATTATGAA
F179NNK-FP | GTCAAGGCAGCNNKTTTACCGAGGAT
F179MNN-RP | ATCCTCGGTAAAMNNGCTGCCTTGAC

primers (Table 2.1) and pET28a-AtHNL plasmid as the template.

2.3.3.1. Creation of AtHNL variants (F82A, F179A)

A 25 uL PCR mixture typically contained ~100 ng DNA template, 0.5 uM of each of forward and

reverse primers (Table 2.1), 5x PCR buffer (1x final concentration), 200 uM dNTPs, 3% v/v of
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DMSO, 0.25 uL Pfu polymerase, and PCR grade nuclease free water. The thermocycling program
for plasmid amplification was 98 °C for 1 min, 20 cycles of 98 °C for 30 s, 60 °C for 30 s and 72
°C for 3 min, with a final extension at 72 °C for 10 min. After the reaction, a5 puL of PCR product
was run on an 1% agarose gel to check for the amplification and remaining 20 pL product was
digested with Dpnl (0.5 uL) along with 2 uL of CutSmart buffer to remove the methylated parental
strand. Subsequently, transformed into E. coli DH5a competent cells and spread on an LB-media-
plate containing 50 pg/mL kanamycin, incubated at 37 °C overnight. Colonies from the LB+
kanamycin plate were grown; plasmids were extracted and sent for DNA sequencing until all the
mutants were confirmed. The mutant plasmids were successively transformed in E. coli BL21
(DEJ) for protein expression.

2.3.3.2. Creation of SSM library at F82, F179, and Y14

The PCR composition and conditions are same as described in 2.3.3.1 section above. For SSM,
degenerate codons were kept in the sequence whose details are mentioned in Table 2.1. After the
reaction, the remaining protocols for Dpnl digestion, transformation, plasmid purification and
sequencing are same as described in 2.3.3.1 section.

2.3.3.3. Creation of AtHNL double variants

To prepare F82A-F179N, PCR composition and conditions were maintained similar to that
described in 2.3.3.1 section, except F82A plasmid was taken as template and forward and reverse
primers for F179N (Table 2.1) were used in the PCR. To prepare F82A-F179W, and F82A-F179V,
we used F179W and F179V plasmids respectively as templates along with F82A forward and

reverse primers in the PCR.
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2.3.4. Enzyme purification

Firstly, E. coli BL21 (DE3) cells carrying the recombinant plasmid were cultivated in 20 mL of
LB medium containing kanamycin (50 pg mL™) at 37 °C and 180 rpm for 12 h. The overnight
culture was inoculated into 2 L LB medium and grown at 37 °C until the culture’s optical density
(ODeoo) reached 0.5 — 0.8 which was then induced with 0.5 mM IPTG and grown at 30 °C for an
additional 6 h. The cells were harvested by centrifugation (8000 rpm, 10 min) at 4 °C and the pellet
was suspended in 20 mM potassium phosphate buffer (KPB), pH 7.0. The cells were lysed by
ultrasonication in an ice bath, and the supernatant was collected by centrifugation at 10,000 rpm
for 45 min at 4 °C. Further, all the protein purification steps were done at 4°C. The supernatant
was loaded onto a standard Ni-NTA affinity column. The column was sequentially washed and
equilibrated with binding buffer [20 mM imidazole, 300 mM sodium chloride, 20 mM KPB (pH
7.0)] and wash buffer [50 mM imidazole, 300 mM sodium chloride, 20 mM KPB (pH 7.0)] and
subsequently eluted with 500 mM imidazole, 300 mM sodium chloride, 20 mM KPB (pH 7.0)].
The eluted protein was dialyzed in 20 mM KPB for 3 h thrice and then concentrated using
Amicon® Ultra-0.5 centrifugal filters with a molecular weight cut-off (MWCO) of 10 kDa. The
protein fraction thus obtained were analysed by SDS-PAGE and the protein concentration was

measured using nanodrop.
2.3.5. CD spectroscopy measurements

The secondary structure and conformational changes of the AtHNL variants were compared with
that of the wild type by Circular Dichroism (CD) spectrometry. CD measurements were carried
out on a Jasco J-810 spectropolarimeter (JAPAN) using a quartz cell with a path length of 0.2 cm
in a nitrogen atmosphere. A concentration of 1 mg/mL of each protein dissolved in 20 mM KPB,

pH 7.0 was used for the analysis in a final volume of 500 pL. The spectra were recorded at 25°C
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in the range of 190 to 300 nm with an accumulation of three scans and the scan speed is 50 nm per
minute. For all spectra, 20 mM KPB buffer was used as the control and the baseline was subtracted
using it. Finally, the CD spectra data collected were deconvoluted using CDNN 2.1 software to

get the percentages of secondary structural elements.

2.3.6. Cyanogenesis and retro-nitroaldolase activity of AtHNL and its variants

The assay was performed in a 96 well microtiter plate and was monitored using a Multiskan GO
UV-Visible spectrophotometer at 25°C. Each well of it contained reaction mixture of 160 pL 50
mM citrate phosphate buffer (pH 5.5), 20 pL purified enzyme (1 mg/mL) and 20 pL substrate
[racemic mandelonitrile (MN), 67 mM / racemic 2-nitro-1-phenylethanol (NPE), 20 mM] pre-
dissolved in 1 mL of 5 mM citrate buffer pH 3.15 making a total volume of 200 uL. Control
experiment was carried out in an identical manner except the enzyme replaced with 20 mM KPB,
pH 7.0. The assay was done in triplicates and the absorbance of the control resulted due to
spontaneous reaction was subtracted from the enzymatic reaction. The assay measured the
formation of benzaldehyde resulted by enzymatic cleavage of MN or NPE at 280 nm. The activity
was calculated using molar extinction coefficient of benzaldehyde (1376 M- cm~1). We did not

check F82H and F82N due to continuous negative results from the F82 series.

2.3.7. Determination of Kinetic parameters of AtHNL variants for cyanogenesis and retro-
nitroaldol reaction

The kinetic parameters were determined by measuring the initial rate of enzymatic reaction at
different substrate (racemic MN/ NPE) concentrations (0.0125 — 12 mM) using 1 mg/mL of
enzyme. The reaction mixture contained 160 uL. of 50 mM citrate phosphate buffer (pH 5.5), 20
uL purified enzyme (1 mg/mL) and 20 pL of racemic MN/NPE (0.0125 — 12 mM) pre-dissolved

in 1 mL of 5 mM citrate buffer (pH 3.15) making a total volume of 200 pL. The reaction rate was
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measured at 280 nm in a UV-Visible spectrophotometer. Each reaction was done in triplicates and
activity was measured every 10 seconds till 1 minute and the activity at one minute was used to
plot the kinetic curve. Solver function in Microsoft excel was used to best fit the data to Michaelis

— Menten equation.

2.3.8. Synthesis of racemic NPE

Racemic NPE was synthesized by a protocol already used in our laboratory®?,

2.3.9. AtHNL variant catalyzed preparation of (S)-p-nitroalcohol using retro-nitroaldol
reaction

A reaction mixture of 3 mg of purified AtHNL variant in 20 mM KPB pH 7, 2 pumol of racemic
NPE, 17.5% v/v of 50 mM citrate phosphate buffer pH 5.5, and 65% v/v of toluene was taken in
a 1.5 mL microcentrifuge tube. The reaction mixture was shaken at 1200 rpm, 30 °C in an incubator
shaker up to 3 h. A 50 pL of aliquot was taken from the reaction mixture (after vigorous shaking)
and added to 150 pL of hexane:2-propanol = 9:1, centrifuged at 15,000xg, 4 °C for 5 min. From
the upper organic layer, a 20 L was taken in a syringe and analyzed in a HPLC (Agilent) using
Chiralpak® IB chiral column. HPLC conditions: n-hexane: 2-propanol = 90:10 (v/v); flow rate: 1
mL/min; absorbance: 210 nm. The retention times of benzaldehyde, (R)-NPE, and (S)-NPE are

4.6, 10.5, and 11.4 min respectively. The % conversion representing the absolute amount of (S)-

S—NPE
S—NPE + R—NPE + benzaldehyde

NPE was calculated by the equation [Flc= [ ]. Sih’s equation

E:ln [(1-c)(1—ee)]

was used to calculate the E valuest’. The c, and ee used in the Sih’s equation
In [(1-c)(1+ee€)]

were determined as follows: % c = [1— ]*100 R: % area of (R)-NPE after reaction, S: % area

R0+50

of (S)-NPE after reaction; Ro: % area of (R)-NPE before reaction, So: % area of (S)-NPE before

(5 R)

reaction. % ee = [ ]*100
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2.3.10. Computational details

2.3.10.1. Molecular docking studies

Molecular docking of wildtype AtHNL with (R)-MN and (R)-NPE was performed. Also, molecular
docking was done between the substrate (R)-NPE and AtHNL mutants: F82A, F179A, F82A-
F179N using MGL tool Autodock 4.2 tools®®. Briefly, we removed the crystal water molecules
from the native AtHNL coordinate (PDB ID 3DQZ). The polar hydrogen atoms and Kollman
charges were added to proteins and Gasteiger charges were assigned to the substrate, NPE. The
grid box of size 40 A x 40 A x54 A'in X, Y, Z coordinates was selected to cover the protein-
substrate active area. Lamarckian Genetic Algorithm was used for protein-substrate flexible
docking, which was set to 10 LGA runs with a population size of 150 and total 27000 generations.
After successful completion of runs, the lowest binding free energy complex having best docking
conformation were analyzed for further interaction studies.

2.3.10.2. Molecular dynamic simulations

To analyze the structural stability of the complex, Molecular Dynamics Simulations was
performed using GROMACS 5.1.41°2°, PRODRG?2 server was used for generating the topology
files of substrate, which uses GROMOS96 45a3 force field'®?. The SPC water model was
implemented for water molecules. The protein- substrate complex was capped with cubic box
incorporating water molecules which was placed at 1.0 nm to the box of the wall from the surface
of the protein. Further counter ions were added to neutralize the system. Then the whole system
was minimized using steepest descent algorithm for 20, 000 steps until the largest force acting in
the system was smaller than 1,000 kJ/mol/nm. Then the system was equilibrated for two phases of
equilibration, namely NVT and NPT ensemble. NVT ensemble was used at 300 K for 50 ps using

a modified V-rescale Berendsen thermostat with a time constant of 0.1 ps, followed by NPT
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ensemble to 1 atm using Parinello Rahman coupling method with a time constant of 2 ps for 50
ps. Then the equilibrated complex was kept for production run for 50 ns at 300 K. The long range
electrostatics was controlled using Particle Mesh Ewald method with a space cut off of 10 A.
Constraints were implemented for hydrogen bonds using P-LINCS algorithm?. Whole analysis
was done using the frames from the production run (10000 for 300 K). g_rms, and g_rmsf, function
of GROMACS were used for trajectory analysis. Figures were generated using XMGRACE and
GNUPLOT.
2.3.10.3. Binding free energy calculations
Molecular Mechanics Poisson Boltzmann Surface Area (MMPBSA) was used to calculate the
binding free energy of substrate complex with WT and mutant proteins from the snapshots of MD
trajectories using g_mmpbsa tool of GROMACSZ. Particularly, the binding free energy of ligand-
protein complex in the solvent was expressed as:

A Ghinding = Geomplex — (Gprotein + Giigand)

where Geomplex iS the total free energy of the protein-ligand complex, Gprotein and Giigand are total
energy of separated protein and ligand in solvent, respectively. The free energy for each individual
Geomplex, Gprotein and Giigand Were estimated by:

Gx = Emm + Gsolvation

where X is the protein, ligand, or complex. Emm is the average molecular mechanics potential
energy in vacuum and Gsowation IS free energy of solvation. The molecular mechanics potential
energy was calculated in vacuum as following:

Emm = Ebonded + Enon-bonded = Ebonded + (Evdw+ Eelec)
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where Enonded IS bonded interaction including of bond, angle, dihedral and improper interactions
and Enon-bonded IS Non-bonded interactions consisting of van der Waals (Evaw) and electrostatic (Eelec)
interactions. 4Evonded IS always taken as zero.

The solvation free energy (Gsolvation) Was estimated as the sum of electrostatic solvation free
energy (Gpolar) and apolar solvation free energy (Gnon-polar):

Gsolvation = Gpolar + Gnon-polar

where Gpolar Was computed using the Poisson-Boltzmann (PB) equation and Gnon-polar €Stimated
from the solvent-accessible surface area (SASA) as equation following:

Gnonpolar = pSASA + b

where vy is a coefficient related to surface tension of the solvent and b is fitting parameter. The
values of the constant are as follows:

y = 0.02267 kJ/mol/A? or 0.0054 kcal/mol/A?

b = 3.849 kJ/mol or 0.916 kcal/mol.

2.3.11. Preparative scale synthesis of (S)-NPE

AtHNL-F179N catalyzed preparative scale synthesis of (S)-NPE was carried out using crude cell
lysates.

2.3.11.1. Optimization of biocatalytic parameters for preparative scale synthesis of (S)-NPE
In a first set of experiments, the enzyme amount and time of biotransformation was optimized.
Four reaction mixtures, each containing 4 umol of racemic NPE, 50 mM citrate phosphate buffer
pH 5.5, 65% v/v of toluene and F179N cell lysate (133 U, 200 U, 266 U and 400 U), were taken
in a 5 mL microcentrifuge tube. Each reaction mixture was shaken at 1200 rpm, 30 °C in an
incubator shaker and aliquots were taken at different time points i.e., 3,6, 9, 12and 24 h. In a

second set of experiments, the above reaction conditions were maintained using 200 U of F179N
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cell lysate, while the % v/v of toluene was varied as 65, 60, and 50; and aliquots were taken at
different time points, i.e., 3, 4, 5, and 6 h. In a subsequent set of experiments, the % v/v of toluene
was varied as 65, 70, and 75; and aliquots were taken at different time points i.e., 2, 3, and 4 h.
Extraction and HPLC analysis of the product was done similar to the protocol that was described
in section 2.3.9.

2.3.11.2. Preparative scale synthesis

Ten mini preparative scale reactions each containing 1000 U (1.1 mL) of AtHNL-F179N cell
lysate, 1.1 mL of 50 mM citrate phosphate buffer pH 5.5, 20 umol of racemic NPE, and 65% v/v
of toluene (4.1 mL) were taken in a 50 mL round bottom flask, stirred in a magnetic stirrer at 1200
rpm, 30 °C. At the end of 3 h, each reaction mixture was extracted with 100 mL of diethyl ether,
the organic layers collected were combined, dried over anhydrous sodium sulphate and solvents
were evaporated in a rotary evaporator. The product was analyzed by chiral HPLC as per 2.3.9
section. Column purification of the crude product was done using hexane: ethyl acetate (90:10) to

get pure NPE.

2.4. Results

2.4.1. SDS-PAGE of purified AtHNL and its variants

The wild type AtHNL and its variants generated using SDM and SSM were purified as described
in section 2.3.4 above and were characterized by SDS-PAGE (Figure 2.1). All the pure proteins
were analyzed by 12% SDS-PAGE using medium range pre-stained protein marker (BR-
BIOCHEM) and stained by Coomassie Brilliant Blue R-250. A clear band at ~28 kDa indicated

the good expression and purity of the purified AtHNL and its variants.
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Figure 2.1 (A-H): SDS-PAGE analysis of Ni-NTA purified AtHNL and its variants. Lane M:
standard protein marker.

2.4.2. Steady state kinetics of AtHNL toward cyanogenesis and retro-nitroaldol reaction

The kinetic parameters of AtHNL were determined using rac-MN cleavage assay. From the
Michaelis-Menten plot (Figure 2.2) the kinetic parameters towards cyanogenesis were found to

be, Km: 1.66+0.34 mM, Keat: 3797.92+ 556.20 min—t, keat / Km: 2772.20+ 217.40 min~t mM-! and
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Vmax: 149.90 £19.86 U/mg (Table 2.3). Similarly, kinetic parameters of AtHNL were determined
for the promiscuous retro-nitroaldol reaction using substrate rac-NPE. The Michaelis-Menten plot
(Figure 2.3) was prepared by using NPE cleavage. The kinetic parameters were found to be Kw:
0.015+0.01 MM, Keat: 49.0% 0.56 mint, Keat / Km: 3614.10+ 1762.03 min-t mM~! and Vimax: 1.75+

0.02 U/mg (Table 2.3).

® Measured Velocity o— Calculated Velocity

160

140 ) s s 1
£ 120 rs 2 1 £ =
3 100 T
€ 80 | o
: 60 r / Ky =1.66x0.34

Vo Vigax = 149.90+ 19.86
40 | o
20 (/7
o &
0 2 4 6 8 10 12 14

rac- Mandelontrile (miM)

Figure 2.2: Michaelis-Menten curve for wild type AtHNL with rac-MN as substrate.

The reaction mixture contained 160 pL of 50 mM citrate phosphate buffer (pH 5.5), 20 pL purified
enzyme (1 mg/mL) and 20 pL substrate (0.0125 — 12 mM) pre-dissolved in 1 mL of 5 mM citrate
buffer (pH 3.15) making a total volume of 200 pL. The reaction rate was measured at 280 nm
using a Multiskan GO UV-Visible spectrophotometer. Solver function in Microsoft excel was

used to best fit the data to Michaelis — Menten equation.
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Figure 2.3: Michacelis-Menten curve for wild type AtHNL with rac- NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
substrate MN is replaced by NPE.

2.4.3. CD spectroscopy measurements of AtHNL and its variants (F82A, F179A and F179A -
F179A)

The structural integrity of F82A, F179A, and F82A-F179A in comparison with the wild type was
studied using circular dichroism (CD) spectroscopy. It was observed that the CD spectra of F82A and
F179A are similar to that of WT (Figure 2.4). In the case of F82A-F179A, there was a gradual decrease
in its CD signal (Figure 2.4). Using CDNN software, the percentage of secondary structures of the

wild type and the variants was quantified (Table 2.2).

Table 2.2: The percentage of a-helix of WT, F82A, F179A and, F82A-F179A.

Enzyme a-Helix (%) B-Sheets (%) Random coils (%)
WT 34.97+1.21 12.90+1.50 52.13+2.70
F82A 24.50+3.10 23.83+2.81 51.67+£3.43
F179A 29.724+2.20 17.47+0.38 49.734+4.25
F82A-F179A 18.05+3.60 35.40+6.10 46.55+2.50
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Figure 2.4: Comparison of CD spectra of wild type AtHNL with variants F82A, F179A and F82A-

F179A.

2.4.4. Steady state kinetics of AtHNL-F82A and AtHNL-F179A variants towards

cyanogenesis and retro-nitroaldol reaction

Kinetic studies of F82A and F179A variants were performed using cleavage of racemic MN

(Figure 2.5 and Figure 2.6) and NPE (Figure 2.7 and Figure 2.8) separately in comparison with

the wild type which are shown in Table 2.3.

Table 2.3: Kinetic parameters of wild type AtHNL and variants using MN and NPE in

cyanogenesis and retro-nitroaldol reaction, respectively.

Enz MN NPE Selectivity
Kim (MM) Vinax Keat Keat/Km Km (MM) Vinax Keat Keat/Km
(U/mg)  (min™) (min~*mM1) (U/mg) (min™) (min'mM™)
WT 1.66%0.34 149.90 3797.92+ 2772.20% 0.015+0.01 1.75+ 49.0+ 3614.10+ 1.3
+19.86 556.20 217.40 0.02 0.56 1762.03
F82A  1.84%0.10 120.98 3488.52+ 1732.14+ 0.01+3x10* 0.97+ 27.10+ 2925.80+ 1.69
+0.98 27.32 79.01 0.03 0.79 141
F179A 10.10+5.51 36.48 1021.38+ 101.22+ 0.03+0.01 1.30+ 36.44+ 1250.92+ 12.36
+11.60 325.00 18.28 0.04 1.13 208.10
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[BISelectivity=[(Kea/Km)nee /| (Kea/Km)mn], i.€., retro-nitroaldol /cyanogenesis. The Kinetic

parameters were determined as per section 2.3.7. The data are mean + standard deviation.
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Figure 2.5: Michaelis-Menten curve for F82A variant with rac-MN as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F82A.
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Figure 2.6: Michaelis-Menten curve for F179A variant with rac-MN as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F179A.
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Figure 2.7: Michaelis-Menten curve for F82A variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F82A and the substrate MN is replaced by NPE.
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Figure 2.8: Michaelis-Menten curve for F179A variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F179A and the substrate MN is replaced by NPE.

64



2.4.5. Cyanogenesis and retro-nitroaldolase activity of AtHNL library of variants
The purified proteins (Figure 2.1: A-G, Table 2.4) from all the three libraries were used in a

microtiter plate assay to measure cyanogenesis and retro-nitroaldolase activity (Figure 2.9).

Table 2.4: Production of AtHNL mutant proteins in U per liter from purification.

S. | AtHNL | Total activity U/ L of culture S. AtHNL Total activity U/ L of
No No culture
1 WT 1281.84 24 F179T 223.8
2 F82A 114 25 F179Y 306.16
3 F82K 104 26 F179K 5.46
4 F82T 151.24 27 F179N 353.34
5 F82s 170.48 28 Y14A 732.46
6 F82pP 8.74 29 Y14C 277.25
7 F82R 35 30 Y14Q 128.94
8 F82Q 11.92 31 Y14H 86.2
9 F179A 46.24 32 Y 14N 31.54
10 | F179D 59.84 33 Y14P 1.52
11 F179G 22.4 34 Y14S 94.64
12 F179L 451.88 35 Y14D 162.24
13 F179S 47.32 36 Y14F 916.96
14 F179C 956.88 37 Y14M 818
15 F179H 238.2 38 Y14V 906.2
16 F179P 69.36 39 Y14W 283.54
17 F179Q 20.42 40 Y14L 1324.24
18 F179R 9.3 41 Y14E 209.3
19 | F179W 1098.22 42 Y14T 334.42
20 F179V 955.12 43 Y14K 56.5
21 F179M 548.2 44 Y14G 442.2
22 F179I 238.8 45 Y141 37.46
23 F179E 49.14 46 Y14R 6.2

The activity is based on cyanogenesis as described in 2.6.
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Figure 2.9: Cyanogenesis and retro-nitroaldolase activity of AtHNL variants modified at position
F82 (left), F179 (middle), and Y14 (right). The reactions were performed in 50 mM citrate
phosphate buffer (pH 5.5) at 25 °C with a final reaction volume of 200 pL. The data are mean +

standard deviation.

2.4.6. Kinetics analysis of AtHNL variants for retro-nitroaldolase activity

A dozen of variants from the F179 and Y 14 series showing greater retro-nitroaldolase activity than
the WT (Figure 2.9) were selected. The corresponding purified enzymes were used to measure

their steady-state Kinetic parameters (Figure 2.10-2.21). Table 2.5, represents the data along with

WT, F82A and F179A, mentioned earlier.
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Figure 2.10: Michaelis-Menten curve for F179C variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F179C and the substrate MN is replaced by NPE.
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Figure 2.11: Michaelis-Menten curve for F179H variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F179H and the substrate MN is replaced by NPE.

67



® Measured Velocity »— Calculated Velocity

e

2 z - Py 3 3
= _h— 4 o Y -
I
=
E L
3 4
E )
‘: p
1 Ky =0.035£0.001
Visax= 2.65% 0.1
05
i
0 2 4 6 8 10 12 14

rac- 2-Nitrophenyl ethanol (mM)

Figure 2.12: Michaelis-Menten curve for F1791 variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F1791 and the substrate MN is replaced by NPE.
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Figure 2.13: Michaelis-Menten curve for F179L variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F179L and the substrate MN is replaced by NPE.
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Figure 2.14:. Michaelis-Menten curve for F179M variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F179M and the substrate MN is replaced by NPE.
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Figure 2.15: Michaelis-Menten curve for F179N variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F179N and the substrate MN is replaced by NPE.
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Figure 2.16: Michaelis-Menten curve for F179P variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F179P and the substrate MN is replaced by NPE.
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Figure 2.17: Michaelis-Menten curve for F179T variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F179T and the substrate MN is replaced by NPE.
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Figure 2.18: Michaelis-Menten curve for F179V variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F179V and the substrate MN is replaced by NPE.
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Figure 2.19: Michaelis-Menten curve for F179W variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F179W and the substrate MN is replaced by NPE.
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Figure 2.20: Michaelis-Menten curve for Y14L variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant Y14L and the substrate MN is replaced by NPE.
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Figure 2.21: Michaelis-Menten curve for Y 14M variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant Y14M and the substrate MN is replaced by NPE.
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Table 2.5: Steady-state kinetic parameters of purified AtHNL WT and variant libraries for the

retro-nitroaldol reaction.

Enz Km (MM) Vimax (U/MQ) | Keat (Min™) | keat/Km (MM~ min?)
WT 0.015+£0.010 | 1.75+0.020 | 49.00+ 0.56 | 3614.10+ 1762.03
F82A | 0.010+0.003 | 0.97+0.030 | 27.10+£0.79 | 2925.80+1.41
F179A | 0.029+0.010 | 1.30+0.040 | 36.44+1.13 | 1250.92+ 208.05
F179C | 0.052+0.030 | 1.66+0.130 | 46.67+3.49 | 1076.31+584.70
F179M | 0.780+0.140 | 2.82+0.010 | 78.83+0.28 | 102.84+18.34
F179N | 0.006+0.0004 | 1.91+0.020 | 53.34+0.65 | 8775.60+482.58
F179L | 0.042+0.017 | 1.66+0.005 | 46.54+0.13 | 1098.30+8.66
F179W | 0.047+0.020 | 1.81+0.140 | 50.60+4.04 | 1079.50+236.60
F179H | 0.020+0.010 | 1.10+0.030 | 30.80+0.90 | 1400.76+650.08
F179T | 0.063+0.027 | 2.36+£0.012 | 66.15+£0.33 | 1169.22+512.92
F179P | 0.052+0.024 | 1.71+£0.150 | 47.96+4.20 | 1012.04+381.89
F179V | 0.024+0.012 | 1.84+0.030 | 51.50+0.89 | 2493.36+1237.43
F1791 | 0.035+0.001 | 2.65+0.009 | 74.19+2.57 | 2118.40+0.57
Y14L | 0.028+0.012 | 2.41+0.180 | 67.44+4.97 | 2582.43+£931.30
Y14M | 0.052+0.013 | 2.08+0.051 | 58.12+1.43 | 1156.59+255.28

The reaction mixture contained 160 pL of 50 mM citrate phosphate buffer (pH 5.5), 20 puL purified
enzyme (1 mg/mL) and 20 pL of racemic NPE (0.0125 — 12 mM) pre-dissolved in 1 mL of 5 mM
citrate buffer (pH 3.15) making a total volume of 200 uL. The reaction rate was measured at 280

nm in a UV-Visible spectrophotometer. The data are mean + standard deviation.
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2.4.7. AtHNL variants catalyzed preparation of (S)-p-nitroalcohol

The fourteen variants of Table 2.5 were evaluated for the retro-nitroaldol reaction using purified
enzymes for the production of (S)-p-nitroalcohol. The products were analyzed by chiral HPLC to
calculate the % enantiomeric excess (ee) and % conversion of (S)-NPE (Figure 2.22). Figure

2.23-2.39 represent their HPLC chromatograms.
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Figure 2.22: Retro- nitroaldol reaction of AtHNL variants in the preparation of (S)-NPE.

A reaction mixture of 3 mg of purified AtHNL variant in 20 mM KPB pH 7, 2 pumol of racemic
NPE, 17.5% v/v of 50 mM CPB pH 5.5, and 65% v/v of toluene was shaken at 1200 rpm, 30 °C
up to 3 h. The % conversion (red bar) represents the absolute amount of (S)-NPE.
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Figure 2.23: HPLC spectrum of the standards: benzaldehyde, (R)- and (S)-NPE.
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Figure 2.24: HPLC spectrum of the control reaction where enzyme was replaced by 20 mM KPB

buffer shows no enantioselective cleavage of rac-NPE.

0T Lol
Retention Time | |
e [
= L
| - =
# §004 fal
g | r| |1| ?
|
| | | |
1 ' &
[ III o || |
: o |
. | \l 'L'L—_.n"\_JI Ilq_f'\_._;ﬂh_n"\.____ﬁ 1 | ptl | ]
o ' 2 : 4 ' B ' 2 10 ' 12

MInut2e

Figure 2.25: HPLC spectrum of wild type AtHNL showing enantioselective cleavage of rac-NPE.
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Figure 2.26: HPLC spectrum of the variant F179N showing enantioselective cleavage of rac-

NPE.
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Figure 2.27: HPLC spectrum of the variant F82A showing enantioselective cleavage of rac-NPE.
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Figure 2.28: HPLC spectrum of the variant F179A showing enantioselective cleavage of rac-NPE.
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Figure 2.29: HPLC spectrum of the variant F179L showing enantioselective cleavage of rac-
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Figure 2.30: HPLC spectrum of the variant F179T showing enantioselective cleavage of rac-

NPE.
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Figure 2.31: HPLC spectrum of the variant F179W showing enantioselective cleavage of rac-

NPE.
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Figure 2.32: HPLC spectrum of the variant F1791 showing enantioselective cleavage of rac-NPE.
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Figure 2.33: HPLC spectrum of the variant F179M showing enantioselective cleavage of rac-

NPE.
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Figure 2.34: HPLC spectrum of the variant F179V showing enantioselective cleavage of rac-

NPE.
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Figure 2.35: HPLC spectrum of the variant F179H showing enantioselective cleavage of rac-NPE.
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Figure 2.36: HPLC spectrum of the variant F179C showing enantioselective cleavage of rac-

NPE.

1 Retention Time,
2000

1007 -

Wiohs

A

2000

- =
=t
o L ioon 2

s ot

o :

=

| P N 0
| I
T RSB PR L L 0 ] I i | T o = T T
10 12 14 18 18 o0

Mnut2g

Figure 2.37: HPLC spectrum of the variant F179P showing enantioselective cleavage of rac-NPE.
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Figure 2.38: HPLC spectrum of the variant Y14L showing enantioselective cleavage of rac-NPE.
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Figure 2.39: HPLC spectrum of the variant Y14M showing enantioselective cleavage of rac-NPE.

2.4.8. Study of AtHNL double variants towards the retro-nitroaldol reaction

Futher to enhance the enantioselectivity and catalytic efficiency, we have created three double

variants, F82A-F179N, F82A-F179V and F82A-F179W using appropriate primers (Table 2.1) and

each variant was confirmed by DNA sequencing. The double variants were purified (Figure 2.1:

H), and used to measure their steady-state kinetic parameters (Table 2.6, Figure 2.40-2.42). They

were also evaluated for the retro-nitroaldol reaction in the production of (S)-B-nitroalcohol (Figure

2.43). Figure 2.44-2.46 represent their HPLC chromatograms.
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Table 2.6: Steady-state kinetic parameters of purified AtHNL double variants for the retro-
nitroaldol reaction.

Enz NPE
Km (MM) Vmax (U/mg) Keat (Min~1) Keat/ Km (Min~tmM~2)
WT 0.015+0.010 1.75+0.020 49.00+ 0.56 3614.10+ 1762.03
F179N 0.006+0.0004 1.91+0.020 53.34+0.65 8775.60+482.58

F82A-F179N 0.015+0.003 0.72+0.012 20.08+0.330 1351.31+230.840
F82A-F179W 0.018+0.010 1.20+0.250 33.60+6.870 2166.95+1001.520

F82A-F179V 0.048+0.020 1.20+0.100 33.67+2.910 741.67+ 212.880

The reaction mixture contained 160 pL of 50 mM citrate phosphate buffer (CPB) (pH 5.5), 20 uL
purified enzyme (1 mg/mL) and 20 pL of racemic NPE (0.0125 — 12 mM) pre-dissolved in 1 mL
of 5 mM citrate buffer (pH 3.15) making a total volume of 200 pL. The reaction rate was measured

at 280 nm in a UV-Visible spectrophotometer. The data are mean + standard deviation.
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Figure 2.40: Michaelis-Menten curve for F82A-F179W variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the

wild type AtHNL is replaced by its variant F82A-F179W and the substrate MN is replaced by
NPE.
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Figure 2.41: Michaelis-Menten curve for F82A-F179N variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F82A-F179N and the substrate MN is replaced by NPE.
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Figure 2.42: Michaelis-Menten curve for F82A-F179V variant with rac-NPE as substrate.

The reaction composition and conditions are same as mentioned in Figure 2.2 caption, except the
wild type AtHNL is replaced by its variant F82A-F179V and the substrate MN is replaced by NPE.
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Figure 2.43: Retro-nitroaldol reaction of AtHNL variants in the preparation of (S)-NPE.

A reaction mixture of 3 mg of purified AtHNL variant in 20 mM KPB pH 7, 2 umol of racemic

NPE, 17.5% v/v of 50 mM CPB pH 5.5, and 65% v/v of toluene was shaken at 1200 rpm, 30 °C

up to 3 h.
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Figure 2.44: HPLC spectrum of the double variant F82A-F179W in the enantioselective cleavage

of rac-NPE.
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Figure 2.45: HPLC spectrum of the double variant F82A-F179V in the enantioselective cleavage

of rac-NPE.
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Figure 2.46: HPLC spectrum of the double variant F82A-F179N in the enantioselective cleavage

of rac-NPE.

2.4.9. Computational studies

2.4.9.1. Docking studies to identify hot spots in AtHNL binding site

Docking of (R)-MN and (R)-NPE was performed into the catalytic site of AtHNL and the modeled

complexes of AtHNL-(R)-MN and AtHNL-(R)-NPE were superimposed to find out the differential

binding of these two substrates (Table 2.7, Figure 2.47).
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C.

Figure 2.47: Modelled AtHNL complex shows interaction of the enzyme with substrate as seen in
Table 2.7, A. with (R)-MN, B. with (R)-NPE, C. superimposed model complexes of AtHNL-(R)-
MN and AtHNL-(R)-NPE (The amino acids 5A around the active site interacting with the

substrates are shown.

Table 2.7: Docking results of MN and NPE with AtHNL.

Functional group of | Enz-sub H-bonding distance, this | Enz-sub  H-bonding, earlier

substrate in H-bonding study studies'?

OH group of (R)-NPE Oy of Ser81 :3.5 A° Not reported

NO; group of (R)-NPE | His236-Ne2: 2.0 A°
Asnl2-6-NH: 1.8,2.3 A°
NH of main chain of Phe82 : 4.1 A°

OH group of (R)-MN Ne of His236 : 2.3 A° Ne of His236
NH of 6-amide of Asnl2 : 2.2 A° | NH of 8-amide of Asn12
Oy of Ser81 : 2.6 A° Oy of Ser81

CN group of (R)-MN NH of main chain of Ser81 : 3.1 A° | NH (main chain) of Ser81
NH of main chain of Alal3: 2.1 A° | NH (main chain) of Alal3
NH of main chain of Phe82 : 2.6 A° | NH (main chain) of Phe§2
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2.4.9.2. Study of the binding pocket of AtHNL

From the modeled AtHNL-(R)-NPE structure, we identified residues present within 5 A from the
substrate. The residues selected are: Asnl12, Alal3, Tyrl4, Hisl15, Phe80, Ser81, Phe82, Phel07,
Tyrl22, Leul29, Cys132, Leuld7, Metl49, Phel53, Leul58, Phel79, Ala210, and His236

(Figure 2.48).

Figure 2.48: Superimposed model complexes of AtHNL-(R)-MN and AtHNL-(R)-NPE (The
amino acids 5A around the active site interacting with the substrates are shown comprising of the
AtHNL binding pocket.
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2.4.9.3. Molecular docking and interaction studies to understand the substrate binding and

enantioselectivity of the variants

Molecular docking of (R)-NPE and (S)-NPE were performed into the catalytic site of AtHNL
mutants F82A, F179N and F82A-F179N, along with the wild type and found their binding
efficiency and interactions with these substrates (Table 2.8). The substrate interactions in case of

both the WT and F179N, which showed enantioselectivity, are illustrated in Figure 2.49.

Figure 2.49: Important interactions between the enzyme and (R)-NPE in A) WT+(R)-NPE

(enlarged active site shows H-bonds), B) F179N+(R)-NPE.
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Table 2.8: Binding energy and active site distance to substrate calculation results for (R)-NPE

and (S)-NPE in WT and modelled mutant proteins docking.

Enzyme | Substrate | Nitro group Hydroxyl group Binding
energy
Interacting atom Distance (A°) Interacting atom Distance | (kcal.mol™)
(A”)

WT (R)-NPE | H236-Ng2 2.0 S81-Oy 3.5 —6.11
N12-3-NH 1.8,2.3 H236-Ne2 3.9
HI15-N31 3.6 N12-5-NH 4.3

WT (S)-NPE | S81-Oy 1.7,2.4 S81-Oy 5.6 -6.29
H236-Ne2 23 H236-Ng2 4.9
N12-3-NH 1.7,2.8 H15-N§1 4.7
A13 main chain NH | 2.4 N12-3-NH 4.0
F82 main chain NH | 2.6

F82A (R)-NPE | S81-Oy 2.6 S81-Oy 1.8 —6.33
N12-8-NH 3.5 H236-Neg2 24
A13 main chain NH | 1.9,3.7 N12-3-NH 1.8
F82 main chain NH | 2.6, 1.8 (02, O3)

F82A (S)-NPE | S81-Oy 1.6 S81-Oy 4.5 -6.36
H236-Ng2 1.7 Y122-On 2.1
N12-8-NH 1.9,3.2

F179N | (R)-NPE | S81-Oy 1.7 N179-6-NH 1.9 —6.24
N12-8-NH 2.0, 3.0 (02, 03) Y14-On 3.8

F82 main chain NH | 2.1
A13 main chain NH | 2.2

F179N | (S)-NPE | S81-Oy 1.8 S81-Oy 5.2 -5.57

N12-6-NH 1.9 N179-6-NH 6.4

H236-Ne2 1.9 F82 main chain CO | 3.1

N179-8-NH 4.6
F82A- (R)-NPE | N12-5-NH 1.7,2.4 S81-Oy 2.1 -5.5
F179N H236-Ng2 2.0 H236-Ng2 3.8

A13 main chain NH | 2.8 F82 main chain NH | 3.7

H15-N31 4.1
F82A- (S)-NPE | S81-Oy 1.7 S81-Oy 4.6 -5.7
F179N H236-Ng2 1.8 H236-Ng2 43

N12-8-NH 20,32 Y122-On 29

A13 main chain NH | 4.1 A210 main chain | 3-0

CO

2.4.9.4. RMSD and RMSF analysis

Molecular dynamic simulations (50 ns) of substrate in complex with WT and F179N was
performed and analyzed their Root Mean Square deviations (RMSD) and Root Mean Square

Fluctuations (RMSF) values (Figure 2.50). This flexibility in the catalytically relevant region was
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further investigated by measuring the inter-atomic positions of C, atoms of the catalytic triads

(S81_D208, D208_H236 and S81_H236) (Table 2.9).
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Figure 2.50: A) Backbone RMSD vs. Time B) RMSF vs. Residue Number for WT+ NPE (red),

F179N +NPE (blue).

Table 2.9: Catalytic triad distance in nm between C, atoms of proteins in WT and its mutant.

WT + R-NPE | F179N+ R-NPE
Ser81_Asp208 1.15£0.04 1.22+0.06

Asp208_His236 | 0.5 +0.03 0.56 £ 0.05

Ser81_His236 0.8 £0.04 0.8 +0.04
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2.4.9.5. Evaluation of binding free energy of substrate complex with WT and mutant proteins

The MMPBSA calculations of substrate complexed with WT and F179N are given in Table 2.10. The

mutant F179N possessed higher negative binding free energy value of —106 kJ/mol compared to the WT.

Table 2.10: Average MMPBSA free energy of substrate complex with WT and its mutant.

System Energy (kJmol™")

Van der Waals | Electrostatic | Polar solvation | SASA | Total

WT + R-NPE -115.83 —25.84 56.98 -9.46 | -94.15

F179N + R-NPE | -128.46 -23.20 57.39 -11.75 | -106.03

2.4.9.6. Plausible retro-nitroaldol mechanism based on MDS study of substrate interaction

From the simulation studies, snapshots of interactions of (R)-NPE with the active site residues of
WT at different time intervals, 10 to 50 ns, were collected. Based on the analysis of the results
(Figure 2.51, Table 2.11), a plausible retro-nitroaldol mechanism by AtHNL is proposed as below

(Scheme 2.2).
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Figure 2.51: Active site interacting residues for WT complex with (R)-NPE at interval of 10-50

ns MDS.

Table 2.11: Active site distance to substrate at different time points from MDS study.

Time scale (ns) | Residue-atom | Residue-atom Substrate-atom | Distance (A°)
0 D208-051 H236-N&1 1.7
H236-Ng2 S81-Oy 2.8
S81-Oy 01 3.5
H236-Ng2 02 2.0
N12-3-NH 02 1.8
N12-3-NH 03 2.3
H15-Ns1 03 3.6
S81-Oy Cl 3.4
10 D208-051 H236-Ns1 2.2
H236-Ng2 S81-Oy 4.0
S81-Oy 01 3.3
Y122-On 01 2.6
A210 main chain CO | O1 3.4
Al13 main chain NH | O2 3.3
S81-Oy 02 2.3
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Al13 main chain NH | O3 3.2

N12-8-NH 03 3.2

H236-Ng2 03 3.6

H236-N¢g2 C1 3.6

S81-Oy C1 3.4

20 D208-051 H236-No61 2.1
H236-Ng2 S81-Oy 45

S81-Oy o1 3.9

H236-Ne2 01 1.7

N12-8-NH 01 2.1

Al13 main chain NH | O2 2.2

F82 main chain NH 02 2.1

N12-8-NH C1 3.4

30 D208-051 H236-No61 25
H236-N¢g2 S81-Oy 2.1

S81-Oy o1 1.9

Al13 main chain NH | O2 2.1

N12-3-NH 03 2.1

N12-8-NH C1 4.3

40 D208-051 H236-N51 2.1
H236-Ne2 S81-Oy 19

S81-Oy o1 2.0

N12-3-NH o1 2.1

Al13 main chain NH | O2 2.6

50 D208-0561 H236-No61 2.1
H236-N¢g2 S81-Oy 1.8

S81-Oy o1 1.7

F82 main chain NH 01 2.5

Al13 main chain NH | O2 2.8

N12-8-NH 03 4.4

Atom numbering of the substrate used in the above table
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Scheme 2.2: Proposed mechanism of retro-nitroaldolase activity by AtHNL based on MDS study
of (R)-NPE interaction (not based on X-ray structure).

2.4.10. Preparative scale synthesis of (S)-NPE using AtHNL-F179N

To achieve maximum conversion and enantioselectivity, different optimization experiments were
performed that include with (a) different units of enzyme at different time points (Table 2.12), (b)
decreased % v/v of toluene (Table 2.13) and (c) increased % v/v of toluene (Table 2.14). The
HPLC spectrum are given in Figure 2.52-2.54. The best condition was with 200 U of F179N with
65% v/v of toluene at 3h. Further, this was scaled up to 1000 U and ten mini preparative scale
reactions each containing 1000 U of F179N was kept and the organic layers collected were
combined, dried over anhydrous sodium sulphate and solvents were evaporated in a rotary

evaporator. The product was analyzed by chiral HPLC as per 2.3.9 section. Column purification
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of the crude product was done using hexane: ethyl acetate (90:10) to get pure NPE and confirmed
by *H and 3C NMR (Figure 2.55, 2.56). Preparative scale synthesis of the retro-nitroaldol reaction
has produced (S)-NPE in 92.88 % ee, and 48.6% isolated yield including ~20% ethyl acetate
impurity (Figure 2.57).

Table 2.12: Optimization of retro-nitroaldolase activity of cell lysates of F179N at different
enzyme units and time points.

133U 200U 266 U 400 U
Time (h) | %conv | %ee | % %ee |%conv |Y%ee |% % ee
conv conv
3 4585 |46.97 |48.12 |80.61 |46.51 [85.32 |46.98 |82.94
6 44.87 62.97 |46.07 |85.65 |43.14 8093 |43.61 |77.61
9 4555 | 81.86 [42.39 |84.67 |43.65 74.25 | 40.99 | 71.76
12 43.09 86.83 |42.62 |83.49 | 38.59 71.18 | 39.95 |70.36
24 35.04 |91.15 |3538 |71.97 |29.08 |55.46 |38.16 |63.00

Table 2.13: Optimization of retro-nitroaldolase activity of cell lysates of F179N (200 U) using
different % v/v of toluene.

% v/v of toluene 65 60 50
Time (h) % % ee % % ee % % ee
conv conv conv
3 48.12 | 88.30 | 42.64 | 87.76 | 37.22 | 80.34
4 46.39 | 91.05 | 43.45 | 86.72 | 39.05 | 81.08
5 4579 | 90.82 | 43.10 | 85.40 | 33.94 | 7381
6 4474 | 88.79 | 40.67 | 81.80 | 38.06 | 75.91

Table 2.14: Optimization of retro-nitroaldolase activity of cell lysates of F179N (200 U) using
higher contents of toluene

% v/v of toluene 65 70 75
Time (h) % % ee % % ee % % ee
conv conv conv
2 4476 | 75.99 | 4551 | 74.46 | 45.27 | 72.87
3 4412 | 88.74 | 46.46 | 85.99 | 4453 | 80.40
4 43.79 | 8955 | 4549 | 87.62 | 44.24 | 85.79
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Figure 2.52: HPLC spectrum of F179N cell lysate catalyzed (200 U) enantioselective cleavage

of rac-NPE at 6 h.

Figure 2.53: HPLC spectrum of F179N cell lysate catalyzed (200 U) enantioselective cleavage of

rac-NPE in 65% v/v of toluene at 4 h.
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Figure 2.54: HPLC spectrum of F179N cell lysate catalyzed (200 U) enantioselective cleavage of

rac-NPE in 65% v/v of toluene at 3 h.
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Figure 2.55: 'H NMR of NPE obtained by of F179N cell lysate catalyzed enantioselective

cleavage followed by column purification.
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Figure 2.56: *C NMR of NPE obtained by of F179N cell lysate catalyzed enantioselective

cleavage followed by column purification.
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Figure 2.57: HPLC spectrum of preparative scale synthesis of F179N cell lysate catalyzed

enantioselective cleavage of rac-NPE at 3 h after column purification, 92.88% ee.
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2.5. Discussion

2.5.1. Kinetic studies of AtHNL toward cyanogenesis and retro-nitroaldol reaction

Our initial study aimed at understanding the kinetic properties of AtHNL towards cyanogenesis
and retro-nitroaldol reaction. We have selected racemic MN and NPE as substrates due to the
difficulty in getting their pure (R)-forms, to investigate the cyanogenesis and retro-nitroaldol
kinetics respectively. Kinetic parameters of AtHNL for both the reactions were calculated from
the Michaelis-Menten plot (Table 2.3, Figure 2.2-2.3). AtHNL has shown Vmax of 149.9 U/mg for
MN cleavage, which is comparable with the earlier reports of 133.6%* and 90 U/mg?®. We found
Keat 3797 min~t compared to 2530 min—* by Devamani et al. for MN cleavage?®. Its Vmax for retro-
nitroaldolase activity was found to be 1.75 U/mg, vs. 1.1 U/mg reported by us earlier'.
Comparison of the kinetics data between the two reactions revealed that AtHNL has nearly equal
catalytic efficiency for both of these reactions. The Keat/Km for MN cleavage was found to be
2772.20+ 217.4 vs 3614.1+ 1762.03 min—t.mM-! for NPE cleavage. Importantly, a comparison of
the Km values of AtHNL for both these reactions showed that the enzyme has ~110 times lower K
for NPE cleavage than MN. This implies that NPE has a good binding affinity than MN with the
WT-AtHNL. However, an assessment of the turnover number (keat) of AtHNL for these two
different reactions showed that NPE cleavage is ~ 77 fold less efficient than MN cleavage. This
result has inspired us to carry out the current study. We expected that AtHNL’s promiscuous retro-
nitroaldolase activity has the potential to be improved, and it could be explored for various
synthetic applications. We hypothesized that engineering of AtHNL binding pocket may provide

new variants with higher kcat than the WT.
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2.5.2. Docking studies to identify hot spots in AtHNL binding site
Docking of (R)-MN and (R)-NPE was performed into the catalytic site of AtHNL, to find out the

differential binding of these two substrates. The aim was to identify residues in the binding site to
be altered to enhance the retro-nitroaldolase activity of the enzyme. Structurally both (R)-MN and
(R)-NPE share high degree of similarity, except the —CN is replaced by —CH>-NO: in the latter.
Logically both the molecules should have a common binding site because the aromatic benzene
ring and the secondary hydroxyl group are common in both the molecules. Even if the synthetic
reactions were considered, the same enzyme uses benzaldehyde as a common substrate, while
nitrile anion is used in the cyanation, for B-nitroalcohol synthesis the enzyme uses nitromethane
as the nucleophile. Therefore, in principle, products of both the synthesis reactions, i.e., (R)-MN
and (R)-NPE should be niched in the same binding pocket. We hoped that a comparison of both
the Michaelis complex would reveal the difference in the binding of AtHNL with the two
substrates. Such molecular insights will significantly help to understand and improve the catalytic
potential of AtHNL for enantioselective retro-nitroaldol reaction.

To test the validity of our method, we first docked (R)-MN into the active site of AtHNL (Table
2.7, Figure 2.47A). The resulted model showed H bond donation from the —OH of (R)-MN to the
enzyme. The H-bond acceptor could be Ne of His236, NH of 3-amide of Asn12, and —Oy of Ser81.
H-bond donation by the oxyanion hole (Alal3 and Phe82 main chain NH) to the nitrile group of
(R)-MN was also observed. These essential H-bond transfers constitutes the catalytically active
conformation (CAC) and are in accordance with the AtHNL’s cyanogenesis mechanism?’?%, In the
case of the docking of (R)-NPE into AtHNL (Figure 2.47B), the Michaelis complex has
established H-bonding between the —OH of the substrate with Oy of Ser81. The NOz group of (R)-
NPE has made H- bonding with NH of d-amide of Asn12 and Ne of His236. A H-bond between
the main chain NH of Phe82 and the -NO> group of substrate could be possible. These results
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suggests that His236, Ser81, Asn12, and Phe82 are important for the retro-nitroaldolase activity of
AtHNL. Subsequently, the modeled complexes of AtHNL-(R)-MN and AtHNL-(R)-NPE were
superimposed (Figure 2.47C). We examined the overlaid structural models and compared the
differential binding of the two substrates in the AtHNL binding pocket. His236, Ser81, Asnl2,
Alal3, and Phe82 are believed to be important for cyanogenesis and retro-nitroaldolase activity
(Table 2.7). Besides Phe82, another aromatic amino acid Phel79 was predicted to be important
for substrate binding. A possible hydrophobic interaction was predicted between the substrate
aromatic ring and the phenyl ring of Phe179 (4.5 A). Both Phe82 and Phe179 are present within 5

A from the active site Ser81.

2.5.3. Alanine mutants (Phe82 and Phel79) of AtHNL show higher selectivity for retro-

nitroaldolase activity over cyanogenesis

We prepared alanine mutation of Phe82 and Phel79 to find out the role of these two residues in
the catalysis of cyanogenesis and retro-nitroaldol reaction. Accordingly, three variants, F82A,
F179A, and F82A-F179A were prepared (Figure 2.1A), and their structural integrity was studied
using circular dichroism (CD) spectroscopy. It was observed that the CD spectra of F82A and
F179A are similar to that of WT (Figure 2.4). In the case of F82A-F179A, there was a gradual
decrease in its CD signal. The decrease of the CD signal indicates a decrease in helical secondary
structure content. Using CDNN software, the percentage of secondary structures of the WT and
the variants was quantified (Table 2.2). The percentage of a-helix of F82A and F179A was similar
to that of WT whereas the percentage of a-helix of F82A-F179A drastically decreased which
implies its instability and improper folding.

Kinetic studies of F82A and F179A were performed using cleavage of racemic MN and NPE

separately (Table 2.3, Figure 2.5-2.8). F82A has shown a little increase in Km, and decrease in Keat
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compared to the WT in the cyanogenesis reaction. Overall, the catalytic efficiency of F82A was
decreased to ~62% of the WT for cyanogenesis. Jones et al. also observed decreased (R)-MN
cleavage activity in the case of F82 and F179 variants of AtHNL?. In the case of the retro-
nitroaldol reaction, both F82A and F179A have shown low Ky, similar to that of WT. This suggests
that NPE has a good binding affinity than MN towards both these mutants, similar to the WT.
However, the Vmax of F82A, and F179A were decreased 1.8 and 1.35 fold respectively. The kcat
and keat/Km Of both the variants also decreased for retro-nitroaldol reaction as compared to the WT.
This result is in favor of our objective to find engineered AtHNL variants with higher binding
affinity; although both of them showed lower catalytic efficiency than the WT. Further, we
determined the selectivity of these variants as the ratio of catalytic efficiency of retro-nitroaldolase
Vs cyanogenesis activity. To our delight, F82A has shown almost similar selectivity to that of WT,
while F179A showed 12 fold increased selectivity for retro-nitroaldolase activity over
cyanogenesis. The importance of both of the positions is thus clear from the study for retro-
nitroaldolase activity of AtHNL, especially the significance of Phel79. Additionally, the results
suggest that alanine may not be the best substitute for the corresponding positions as none of them
could show higher catalytic efficiency. This necessitates investigating the role of other residues at

these positions.

2.5.4. Study of the binding pocket of AtHNL

We further attempted to identify residues in the AtHNL binding site that could impact the
promiscuous retro-nitroaldolase activity. From the modeled AtHNL-(R)-NPE structure, we
identified residues present within 5 A from the substrate. The residues selected are: Asn12, Alal3,
Tyrl4, Hisl5, Phe80, Ser81, Phe82, Phel07, Tyrl22, Leul29, Cys132, Leul4d7, Met149, Phel53,

Leul58, Phel79, Ala210, and His236 (Figure 2.48). As the nitroaldolase mechanism by any HNL
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has not been established so far, we believed the participation of Asn12, Ser81, Phe82, and His236
in the retro-nitroaldolase mechanism based on the docking studies (Table 2.7). It was difficult to
evaluate the possible role of the remaining dozen of positions that may impact on the retro-
nitroaldolase activity of AtHNL. We have selected Tyr14 for protein engineering due to its close

proximity with the two mechanistically important residues Asn12 and Alal3.

2.5.5. Semi-rational engineering: creating saturation libraries at positions Y14, F82 and F179

Based on the predicted role of the main chain NH of Phe82 in H-bond formation (Table 2.7), we
hypothesized to replace it with polar residues, assuming possible polar interaction between
substrate (nitro) and the replaced residue might stabilize the formation of Michaelis complex.
Hence, instead of substituting Phe82 with any other amino acid, we have selected to use the MVK
codon, which uses only 12 codons for eight polar amino acids (Asn, Gln, Pro, Ser, His, Thr, Arg,
and Lys). In case of the other two positions, i.e., Phel79, and Tyrl4, SSM was performed using
the codon NNK. The library of variants was created using appropriate degenerate primers (Table

2.1), and each variant was confirmed by DNA sequencing.

2.5.6. Cyanogenesis and retro-nitroaldolase activity of AtHNL library of variants

The purified protein (Figure 2.1: A-G, Table 2.4) of each mutein from all the three libraries was
used in a microtiter plate assay to measure cyanogenesis and retro-nitroaldolase activity. None of
the Phe82 variants tested have shown higher retro-nitroaldolase activity than the WT (Figure 2.9).
The activity data suggests that Phe82 is not only a critical position but a crucial residue for the
retro-nitroaldolase activity of AtHNL. These variants also produced lower cyanogenesis activity
than the WT, emphasizing the importance of the residue in the catalysis of cleavage of

cyanohydrin. Analysis of the retro-nitroaldolase activity of Phel79 series variants revealed that
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ten of them have nearly the same or higher activity than the WT. In those variants, the Phe was
substituted by Leu, Cys, His, Pro, Trp, Val, lle, Thr, Asn, and Met (Figure 2.9). As these amino
acid list includes polar, non-polar, aromatic, and aliphatic, so it is believed that Phe179 is a binding
residue whose alteration with different amino acids provides a varied degree of NPE binding with
the enzyme, which helps to increase the retro-nitroaldolase activity. However, it is hard to explain
how other residues (A, D, G, S, R, E, Q, Y, and K) in place of Phel179 produced poor substrate
binding. Interestingly, a few variants showed similar cyanogenesis activity to that of the WT, while
most of them had lower than it. Screening of the Tyr14 SSM library also did not result in improved
cyanogenesis activity. We found higher retro-nitroaldolase activity by two variants, Y14M and
Y14L, as compared to the WT (Figure 2.9). To understand the role of the F179 and Y14 series of

variants with higher retro-nitroaldolase activity, we have carried out kinetic studies of them.

2.5.7. Kinetics analysis of AtHNL variants for retro-nitroaldolase activity

A dozen of variants from the F179 and Y 14 series showing greater retro-nitroaldolase activity than
the WT (Figure 2.9) were selected. The corresponding purified enzymes were used to measure
their steady-state Kinetic parameters (Figure 2.10-2.21). Table 2.5, represents the data along with
WT, F82A and F179A, discussed earlier. Analysis of the kinetic parameters of variants in the retro-
aldolase activity revealed greater Vmax and keat by eight of them than the WT. They are, F179M,
F179N, F179W, F179T, F179V, and F179I in the F179 series, and Y14L and Y14M in the Y14
series. However, most of these variants have shown increased K values than the WT towards
retro-nitroaldolase activity. F179N is the only one that showed a lower K value (0.006+0.0004)
apart from greater Vimax (1.91£0.02) and kcat (53.34+0.65). The catalytic efficiency (kca/Km) of the
F179N was found to be ~2.4 fold greater than the WT. This result emphasizes the importance of

F179 for retro-nitroaldolase activity.
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2.5.8. AtHNL variants catalyzed preparation of (S)-p-nitroalcohol

The fourteen variants of Table 2.5 were evaluated for the retro-nitroaldol reaction using purified
enzymes for the production of (S)-p-nitroalcohol. The products were analyzed by chiral HPLC to
calculate the % ee and % conversion of (S)-NPE (Figure 2.22). Figure 2.23-2.39 represent their
HPLC chromatograms. Analysis of the HPLC data revealed that except F82A, F179A and F179C,
other variants have shown very good % ee of product. Loss of enantioselectivity was observed in
the case of both F82A and F179A. This suggests that probably both the variants have lost the
selectivity for binding to the (R)-NPE. Unselective binding to both the enantiomers can lead to
poor catalytic activity (Figure 2.9). and enantioselectivity. In the case of F179L, F179H, F179T
and F179P, % ee of the product was found to be in the range of 93-96, while the remaining variants
showed excellent, (>99%) ee of (S)-NPE. The biocatalytic production of (S)-NPE in the retro-
nitroaldol reaction by F179L, F179H, Y14L and Y14M was found to be less than the WT, (33-
41%). The remaining variants showed higher % conversion than the WT. Further, to check the
enantioselectivity of the variants and compare them with the WT, we have calculated their E values
or the enantiomeric ratio (E) towards the preparation of (S)-p-nitroalcohol (Figure 2.22). The E
value is commonly used to characterize the enantioselectivity in enzyme-catalyzed Kinetic
resolution. Two variants, F179V, and F179N, have shown greater E than the WT. The
enantiomeric ratio of F179V was 86.9 vs. 81 for the WT. However, in the case of F179N, the E
value was found to be 137.6, which is ~1.7 fold more than the WT. This confirms that F179N is a
potent variant with higher enantioselectivity towards the production of (S)-B-nitroalcohol than the

native enzyme.
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2.5.9. Study of AtHNL double variants towards the retro-nitroaldol reaction

To further enhance the enantioselectivity and catalytic efficiency, we aimed to create double
variants by adding mutations based on the successful results. Apart from F179N and F179V, we
have selected F179W and F82A for this study. We did not consider F179M even though it showed
an E value 58.85 as its Ky value is 52 folds more than WT. F82A was selected because it is the
only other variant that had lower Kn than the WT towards the retro-nitroaldol reaction. We have
created three double variants, F82A-F179N, F82A-F179V and F82A-F179W using appropriate
primers (Table 2.1) and each variant was confirmed by DNA sequencing. The double variants
were purified (Figure 2.1: H), and used to measure their steady-state kinetic parameters (Table
2.6, Figure 2.40-2.42). Analysis of the kinetic parameters of these variants in the retro-aldolase
activity revealed that F82A-F179N has the same Ky as that of the WT. Addition of F82A into
F179N has not showed synergistic effect. The Kr, of this double variant has increased compared to
F179N, and keat was found to be lower than either of the WT and F179N. F82A-F179W and F82A-
F179V have shown 1.2 and 3.2 fold increased Km than the WT, while both showed similar Vimax
values i.e., 1.20 U/mg and ket values i.e., 33.6 min~ with only minimal deviation between them.
In the case of F82A-F179W, both Kmn and ket were found to be in between the single variants.
Unfortunately, the catalytic efficiency of all the three double variants were found to be less than
the WT. The enantioselectivity and conversion of the double variants towards retro-nitroaldol
reaction were determined using the purified enzymes. We observed a very poor enantioselectivity
(<4% ee) in the case of all the three double variants (Figure 2.43). Figure 2.44-2.46 represent
their HPLC chromatograms. The loss of enantioselectivity by the double variants is similar to the

F82A. Although F82A was added with the hope to achieve lower Km, its possible selectivity for
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both the enantiomers of NPE could have consequenced in the loss of enantioselectivity by all the

three double variants.

2.5.10. Molecular docking and interaction studies to understand the substrate binding and

enantioselectivity of the variants

Docking of (R)-NPE and (S)-NPE were performed into the catalytic site of AtHNL mutants F82A,
F179N and F82A-F179N, along with the WT, to find out their binding efficiency and interactions
with the substrate.The F82A-(S)-NPE has shown highest negative binding energy of —6.36
kcal/mol followed by —6.33 kcal/mol by F82A-(R)-NPE (Table 2.8). This suggests tight binding
of both the substrate enantiomers with F82A than either WT or the double variant. This result
resembles with our kinetics data, (lower Km by F82A than the WT), in (Table 2.6). The active site
distance to substrate calculations indicate that in case of both the enantiomers, essential H-bond
transfers for catalytically active conformation (CAC) is satisfied. We speculate that, Y122 accepts
a H-bond from the substrate —OH in the case of F82A-(S)-NPE, the role commonly played by S81.
The loss of enantioselectivity in case of F82A is probably due to the preference to both substrate
enantiomers by its active site. The double variant F82A-F179N, also showed a similar substrate
preference to both the enantiomers of NPE, along with the lowest negative binding energy among
the other proteins. Consequently, F82A-F179N also showed poor enantioselectivity towards retro-
nitroaldol reaction. In case of WT, higher negative binding energy was observed with (S)-NPE
binding than the (R)-enantiomer. However, based on the active site distance to substrate
calculations, only WT-(R)-NPE complex could satisfy the required CAC. In the case of WT-(S)-
NPE, crucial H-bond between the enzyme (Ser81 Oy) and substrate —OH group could not be
established. This justifies the enantioselectivity by WT for the retro-nitroaldol reaction.
Interestingly, the binding energy calculations clearly revealed the high preference of F179N for
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the (R)-NPE, over the (S)-enantiomer. Required H-bonds could establish CAC in the F179N-(R)-
NPE complex, while the Ser81 conformation hinders the same in the case of F179N-(S)-NPE. We
believe that both, the low binding energy and CAC in the case of F179N-(R)-NPE as compared to
F179N-(S)-NPE, could explain the higher E value obtained by the F179N in the retro-nitroaldol
reaction. The substrate interactions in case of both the WT and F179N, which showed
enantioselectivity, are illustrated in Figure 2.49. It reveals important interactions between the
enzyme and (R)-NPE. In the case of WT-(R)-NPE, catalytic residues His236, Ser81, Asn12, and
main chain NH of the binding residue Phe82 are seen making H-bond with the substrate (Figure
2.49A). Significant differences in the interactions are noticed between F179N-(R)-NPE and WT-
(R)-NPE. The former has His236-(R)-NPE H-bond missing. The anticipated key H-bond transfer
between the substrate —OH group and Ser81 is replaced by NH of 3-amide of Asn179. Ser81 has
made H-bonding the —NO; of the substrate. Stabilization by Asn179 is not observed in the case of

F179N-(S)-NPE complex (Table 2.8).

2.5.11. RMSD and RMSF analysis

In order to study the structural stability of docked complex and dynamics behavior of substrate in
complex with WT and mutant, MDS was performed for 50 ns. The RMSD of backbone atoms of
the two complexes (WT + R-NPE and F179N + R-NPE) against the 50 ns of simulations were
found to be <2.5 A. Figure 2.50A shows that the mutant complex has sustained the overall stability
after 5 ns but WT tends to have slightly higher RMSD after 25 ns which were maintained till the
end of the simulations. This suggests that substarte is better stabilized in the case of the mutant.

Position and relative flexibility of each amino acid residue of WT AtHNL and F179N in complex
with substrate (R)-NPE were analyzed. WT complex has shown relatively higher RMSF compared
to the mutant. Moreover, the flexibility of residues around mutation site has not changed
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significantly (Figure 2.50B). However, the mutant F179N showed a higher flexibility in catalytic
relevant region. This flexibility in the catalytically relevant region was further investigated by
measuring the inter-atomic positions of C, atoms of the catalytic triads (S81_D208, D208 _H236
and S81_H236). In the case of F179N, the inter-atomic positions of C, atoms between S81_D208
was found to be deviated from its original positions compared to the WT (Table 2.9). Such higher
inter-atomic distance probably suggests better adjustability with the substrate leading to efficient

catalysis.

2.5.12. Evaluation of binding free energy of substrate complex with WT and mutant proteins

The MMPBSA calculations of substrate complexed with WT and mutant proteins are given in
Table 2.10. The mutant F179N possessed higher negative binding free energy value of —106
kJ/mol compared to the WT. These binding energies suggest a significant potential for the
formation of stable molecular interactions between amino acid residues of F179N and NPE.
Interestingly, Van der Waals, electrostatic interactions and non-polar solvation energy negatively
contributed to the total interaction energy for the mutant F179N, while for WT only polar solvation
energy positively contributing to the total free-binding energy. The negative binding free energy

supports our experimental low Ky, by the F179N for NPE (Table 2.6).

2.5.13. Plausible retro-nitroaldol mechanism based on MDS study of substrate interaction

From the MDS study, snapshots of interactions of (R)-NPE with the active site residues of WT at
different time intervals, 10 to 50 ns, were collected. Based on the analysis of the results (Figure
2.51, Table 2.11), we propose here a plausible retro-nitroaldol mechanism by AtHNL (Scheme
2.2). In addition to the catalytic triad, Asp208-His236-Ser81, the NH of 5-amide of Asnl2, and

main chain NH of Alal3 and Phe82 are beleived to play crucial role in the catalysis. The substrate
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bound complex is stabilized by H-bonds between His236, NH of -amide of Asn12 and the two
oxygen atoms of the nitro group of the substrate (11 of Scheme 2.2).The catalytic His236 accepts
a proton from the Ser81, which initiates the deprotonation of the substrate hydroxyl group. The
next important step is the elimination of nitromethane carbanion that results in the formation of
benzaldehyde. The carbonyl oxygen interacts with His236 and NH of 5-amide of Asn12. While
the carbanion center is stabilized by a H-bond with the NH of 5-amide of Asn12, its nitro group
makes H-bond with the main chain NH of Alal3 and Phe82 (they are believed to be cyanide anion
stabilizers in mandelonitrile cleavage mechanism) (111 of Scheme 2.2)*°. A proton transfer from
His236 to the nitromethane carbanion via Ser81 produces nitromethane. This mechanism
resembles to the cyanogenesis mechanism by AtHNL2,

Our mutagenesis study supports this mechanism. Phe82 is a crucial residue for the intermediate
nitromethane carbanion stabilization and hence important for the retro-nitroaldol mechanism.
Although its main chain NH is involved in the H-bond interaction, any modification at Phe82 has

failed to retain both the retro-nitroaldolase and cyanogenesis activity.

2.5.14. Preparative scale synthesis of (S)-NPE using AtHNL-F179N

Optimization of cell lysates of F179N catalyzed retro-nitroaldol reaction with different units of
enzyme has produced (S)-NPE in 86% ee and 46% conversion in case of 200 U of the enzyme at
6 h (Figure 2.52, Table 2.12). Subsequent optimization of the biotransformation using varied %
v/v of toluene from 50 to 65, with 200 U of F179N has resulted in 91% ee of (S)-NPE with 43.5%
conversion in case of 65% v/v of toluene in 4 h (Figure 2.53, Table 2.13). Further investigation
of the optimization with increased contents of toluene from 65 to 75% v/v, showed similar results
with maximum 46.5% conversion and 89% ee of product at 3 h (Figure 2.54, Table 2.14). The

best condition was with 200 U of F179N with 65% v/v of toluene at 3h. Further, this was scaled
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up to 1000 U and ten mini preparative scale reactions each containing 1000 U of F179N was kept
and the organic layers collected were combined, dried over anhydrous sodium sulphate and
solvents were evaporated in a rotary evaporator. The product was analyzed by chiral HPLC as per
2.3.9 section. Column purification of the crude product was done using hexane: ethyl acetate
(90:10) to get pure NPE and confirmed by *H and 3C NMR (Figure 2.55, 2.56). Preparative scale
synthesis of the retro-nitroaldol reaction has produced (S)-NPE in 92.88 % ee, and 48.6% isolated

yield including ~20% ethyl acetate impurity (Figure 2.57).

2.6. Conclusions

The catalytic efficiency of AtHNL was enhanced by protein engineering towards promiscuous
retro-nitroaldol reaction, which is emerging as an important route to prepare enantiopure [3-
nitroalcohols. Our preliminary Kinetic studies suggested that AtHNL has a higher binding affinity
for NPE than MN. Based on docking and binding site analysis, we identified Phe82, Phel179, and
Tyrl4 of AtHNL to investigate and improve the retro-nitroaldolase activity. Alanine substitution
at Phel79 has resulted in ~12 fold increased retro-nitroaldolase selectivity over cyanogenesis.
Replacing Phe82 by polar residues has resulted in loss of retro-nitroaldolase activity, which
indicates that Phe82 is crucial for the concerned catalysis. Analysis of the retro-nitroaldolase
activity of variants of two SSM libraries of Phel79 and Tyr14 series has uncovered a dozen of
them having nearly the same or higher activity than the WT. Kinetics study of fourteen selected
variants has revealed that eight (F179M, F179N, F179W, F179T, F179V, F1791, Y14L and Y14M)
of them have greater Vmax and kcat than the WT, while F179N is the only one that showed a lower
Km (0.006+0.0004 mM) apart from greater Vimax (1.91+0.02 U/mg) and Kcat (53.34+0.65 min~1). The
catalytic efficiency (Keat/Km) of the F179N was found to be ~2.4 fold greater than the WT. Two

variants, F179V, and F179N, have shown greater E than the WT. In the case of F179N, the E value
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was found to be 137.6, which is ~1.7 fold more than the WT. This is the first study that revealed
the importance of Phel79 for retro-nitroaldolase activity of AtHNL. Preparative scale synthesis of
(S)-NPE using crude cell lysates of F179N under optimized conditions produced 93% ee, and
48.6% isolated yield of the product including ~20% ethyl acetate impurity. Three double variants,
F82A-F179N, F82A-F179V and F82A-F179W, created by addition of mutations based on lower
Km and higher ket for retro-nitroaldolase activity, showed poor catalytic efficiency than the WT.
Complete loss of enantioselectivity was observed in the case of all the three double variants.
Docking of both enantiomers of NPE with the WT and mutants illustrated higher negative binding
energy in the case of F179N with the (R)-NPE than the (S). CAC could not be achieved in the case
of WT and F179N with (S)-NPE, which explains the higher enantioselectivity of F179N towards
retro-nitroaldol reaction. The enzyme-substrate interaction plots (PyMol) have supported the
strong substrate binding by the F179N, as observed from kinetics studies. Molecular dynamics
simulation study on structural stability of the docked complexes on a 50 ns time scale has revealed
higher stability by the F179N complex than the WT beyond 25 ns. The RMSF calculations along
with inter-atomic positions of C, atoms of the catalytic triads has suggested higher flexibility in
the case of F179N, which supports its efficient catalysis. MMPBSA calculations showed the higher
negative binding free energy in the case of F179N-(R)-NPE complex compared to WT. This
observation further supports our experimental low Ky by the F179N for NPE. Based on the
interaction between (R)-NPE and AtHNL WT at different time intervals from the MDS study, a
plausible retro-nitroaldol mechanism was proposed.
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3.1. Introduction

A huge demand has grown in the global market towards the synthesis of enantiopure drugs due to
their inherent therapeutic behavior in the biological system. Optically pure compounds are very
important to synthesize these enantiomerically pure drugs. Chiral B-nitroalcohols are one such
important optically pure synthons for the synthesis of various enantiopure drugs that have gained
much attention in the recent times and several routes have been reported for their synthesis'~. One
such method is Henry reaction or nitroaldol reaction which is an important and classic
transformation in organic synthesis®. It involves a carbon-carbon bond formation usually a
coupling between a nucleophilic nitro alkane with an electrophilic aldehyde (or ketone) to form f3-
nitroalcohol (Scheme 1.5). The different functional groups present in the pB-nitroalcohol structure
can easily be transformed into other chiral building blocks. The nitro group of B-nitroalcohol
moiety can easily be transformed into other chiral building blocks by oxidation, reduction, Nef
reaction and nucleophilic displacement (Scheme 1.4). Chiral B-nitroalcohols are the precursors
for different drugs, biologically active molecules and natural products (Figure 1.3). In organic
chemistry, several metals and non-metal-based catalysts have been reported in the asymmetric
synthesis B-nitroalcohols®2. Currently, synthesis of chiral molecules using green and ecofriendly
catalysis is being chosen to avoid the complications formed in the reactions catalyzed by chemical
catalysts. Due to their environment friendly and high selectivity enzyme-based catalysis or
biocatalysis is the best alternative unlike chemical catalysis for green and sustainable organic

transformations.

There exist several biocatalytic routes in the synthesis of enantiopure B-nitroalcohols such as
Henry reaction, Kkinetic resolution, retro-Henry reaction, dynamic Kinetic resolution, and

asymmetric reduction®-3°, Among all the above mentioned, the most important biocatalytic route
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to synthesize chiral -nitroalcohols is using Henry reaction catalyzed by HNLs. In addition to their
natural enantioselective hydrocyanation activity, a few HNLs catalyze promiscuous
stereoselective Henry reaction. Among HNLs, (S)-selective HNLs from Hevea brasiliensis
(HbHNL)®*, Baliospermum montanum (BmHNL)* and (R)-selective HNLs from Arabidopsis
thaliana (AtHNL), Granulicella tundricola (GtHNL) and Acidobacterium capsulatum (AcHNL)%®
are reported to catalyze the stereoselective Henry reaction. Both (R)-selective GtHNL and AcHNL,
are metal dependent cupin fold HNLs that require metal cofactor in the catalysis of enantioselective
Henry reaction and their substrate scope is limited to only four substrates. Yu et al. reported an
acyl-peptide releasing enzyme from Sulfolobus tokodaii (ST0779) catalyzing promiscuous Henry
reaction, which took long reaction time for its catalysis and did not show uniform
enantiopreference, as its enantioselectivity varied with the electronic effects of the substituents on
the benzaldehyde ring*. So far, AtHNL is the only (R)-selective HNL reported to catalyse
promiscuous Henry reaction without any cofactor requirement for its catalysis. However, AtHNL’s
promiscuous nitroaldolase activity is limited to poor yield (2-34%) and low enantioselectivity?®.
In a recent study, AtHNL was employed in a cascade reaction to synthesize (R)-B-nitroalcohols

and observed poor enantioselectivity in case of several of aromatic aldehydes as substrates®.

To make the nitroaldol reaction an efficient biocatalytic method, the efficiency of the biocatalytic
reaction needs to be improved. Recently, engineered AtHNLs have been used in the synthesis of
(S)-B-nitroalcohol via retro-Henry reaction®?. Several AtHNL variants were employed to
synthesize (S)-B-nitroalcohol for a better enantioselectivity. In the present chapter, we aimed to
investigate those AtHNL variants towards promiscuous nitroaldol reaction (Scheme 3.1). Variants
of all the three saturation libraries used in the previous study were explored in the enantioselective

synthesis of (R)-B-nitroalcohols using Henry reaction. The primary screening of the variants using
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benzaldehyde and nitromethane as substrates has identified several of them showing >96% ee
(F179A, F179H, F179C, F179N, F179L, F179M, F179V, F179K, F179W, Y14K, Y14R), >95%
ee (Y14F, F179S), >93% ee (Y14C and Y14M), while the conversion reached up to >33% in case
of Y14C, Y14F, and Y14A. Subsequently selected variants, i.e., F179H, F179N, F179L, and
F179W from the F179 saturation library and Y14A, Y14C, Y14F, Y14M, Y14G, Y14L and Y14T
from the Y14 saturation library were employed in the synthesis of diverse (R)-B-nitroalcohols. The
experimental results revealed that the AtHNL variants have overcome several existing limitations
and provided improve yield, enhanced enantioselectivity and expanded substrate scope towards

the promiscuous niroaldol reaction (Scheme 3.1).

| N 0 Eng. AtHNL A OH

&2 *  CH3NO, > |/ NO
R n H R/ n 2

High conversion
High %ee
Broad substrate scope

Scheme 3.1: Biocatalytic asymmetric Henry reaction in synthesis of (R)-B-nitroalcohols using

engineered AtHNLSs.

3.2. Objectives

1. To screen all the three saturation library variants towards enantioselective nitroaldol

synthesis using benzaldehyde and nitromethane as substrates.

2. To develop analytical methods for chiral resolution of all racemic B-nitroalcohols using

HPLC chiral column.

3. To synthesize diverse (R)-B-nitroalcohols using selected AtHNL variants.
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4. To create the multiple variants to be used for the enantioselective nitroaldol reaction.

5. To study the AtHNL multiple variants in the synthesis of various (R)-B-nitroalcohols.

3.3. Materials and methods

3.3.1. Chemicals and materials

AtHNL (UniProt accession ID: Q9LFT6) synthetic gene cloned in pET28a was obtained from
Abgenex Pvt. Ltd, India. Culture media and kanamycin were procured from HiMedia laboratory
Pvt. Ltd, India. Isopropyl-f-D-1-thiogalactopyranoside (IPTG) was purchased from BR-
BIOCHEM Pvt. Ltd, India. Chemicals such as aldehydes, nitromethane and mandelonitrile were
purchased from Sigma Aldrich, AVRA, SRL and Alfa-Aesar. HPLC grade solvents were obtained

from RANKEM, Molychem, FINAR, and SRL.

3.3.2. Mutagenesis
3.3.2.1. Creation of SSM library at F82, F179, and Y14
Site saturation and site directed mutagenesis was done as per the procedure described in section

2.3.3.1 in chapter 2. The primers employed in this work are mentioned Table 2.1.

3.3.2.2. Creation of AtHNL double variants

To prepare Y14F-F179N, and Y14F-F179W, PCR composition and conditions were maintained
similar to that described in 2.3.3.1 in chapter 2, F179N and F179W plasmids were taken as
templates and forward and reverse primers for Y14F (Table 2.1) were used in the PCR. To prepare
Y14M-F179N and Y14M-F179W, we used Y14M plasmid as a template with F179N (Table 2.1)
and F179W (Table 3.1) forward and reverse primers with same PCR conditions as described in

2.3.3.1 of chapter 2.
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Table 3.1: Primers used to prepare Y14M-F179W double variant in this study. Italicized

nucleotides are the site of mutation.

Name Sequence

F179W - FP | GTCAAGGCAGCTGGTTTACCGAGGAT

F179W - RP | ATCCTCGGTAAACCAGCTGCCTTGAC

3.3.3. Enzyme expression and purification
Expression and purification of AtHNL and its variants was performed as described in section 2.3.4

of Chapter 2.

3.3.4. HNL assay

The assay was performed in a 96 well microtiter plate and was monitored using a Multiskan GO
UV-Visible spectrophotometer at 25°C. Each well contained reaction mixture of 160 uL of 50
mM citrate phosphate buffer (pH 5.5), 20 pL purified enzyme (1 mg/mL), and 20 pL substrate
(racemic MN, 67 mM) pre-dissolved in 1 mL of 5 mM citrate buffer (pH 3.15) making a total
volume of 200 pL. The control experiment was carried out identically except the enzyme is
replaced with 20 mM KPB, pH 7.0. The assay was done in triplicates and the absorbance of the
control resulting due to the spontaneous reaction was subtracted from the enzymatic reaction. The
assay measured the formation of benzaldehyde resulting from enzymatic cleavage of MN at 280

nm. The activity was calculated using the molar extinction coefficient of benzaldehyde (1376 M~*

cm).
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3.3.5. Synthesis of racemic p-nitroalcohols

Synthesis of various racemic B-nitroalcohols was carried out by addition of aldehydes to
nitromethane in 1:10 molar ratio in the presence of 5 mol% of Ba(OH): as a catalyst as per the
procedure described in the paper previously published from our lab*,

3.3.6. Screening of AtHNL and its variants for (R)-NPE synthesis

A reaction mixture of 1 mL containing 125 units of purified variant enzyme and n-butyl acetate in
equal v/v ratio along with 25 pL of nitromethane and 12.5 umol of the benzaldehyde was taken in
a2 mL glass vial. In the control, the enzyme was replaced by an equal volume of 20 mM potassium
phosphate buffer (KPB). The reaction mixture was placed on a thermomixer at 1,200 rpm for 3 h
at 30 °C. After every hour, 100 uL of aliquot was taken and extracted with 150 pL of diethyl ether.
To this, a pinch of sodium sulfate was added and vortexed. After centrifugation at 10,000 rpm for
2 min at 4°C, the upper layer was taken and this step was repeated one more time. Finally, 20 puL
of the upper organic layer was taken and analyzed in an HPLC (Agilent) using Chiralpak® IB
chiral column using 1 mL/min flow rate and 90:10 of hexane: isopropanol. The % conversion

represents the absolute amount of (R)-NPE, and was calculated by the equation % C=

S—NPE + R—NPE
S—NPE + R—NPE + benzaldehydex+conversion factor

= E=5)
]and % ee = [ (S+R)]*1OO.

[

3.3.7. AtHNL variant catalyzed preparation of various (R)-p-nitroalcohols using nitroaldol

reaction

A reaction mixture consisting of 62.5-125 units of purified variant enzyme and n-butyl acetate in
equal v/v ratio along with 1.75 M of nitromethane and 20 mM of aldehyde was taken ina 2 mL
glass vial. After the reaction, the remaining protocols for extraction and HPLC analysis are the

same as mentioned in section 3.3.6.
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3.4. Results

3.4.1. SDS-PAGE of purified AtHNL and its variants

The wild type AtHNL and its variants generated using SDM and SSM were purified as described
in section 2.3.4 above and were characterized by SDS-PAGE (Figure 2.1: A-H; Figure 3.1). All
the pure proteins were analyzed by 12% SDS-PAGE using medium range pre-stained protein
marker (BR-BIOCHEM) and stained by Coomassie Brilliant Blue R-250. A clear band at ~28 kDa

indicated the good expression and purity of the purified AtHNL and its variants.
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Figure 3.1: SDS-PAGE analysis of Ni-NTA purified AtHNL double variants. Lane M: standard

protein marker.

3.4.2. Screening of AtHNL and its variants for (R)-NPE synthesis

A primary screening of all the saturation library variants was carried out towards the synthesis of

(R)-2-nitro-1-phenylethanol (NPE) using promiscuous nitroaldol reaction (Figure 3.2). The purified
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variantsts from the three libraries were used in the nitroaldol reaction and were analyzed by chiral

HPLC (Scheme 3.2, Table 3.2; Figure 3.3-3.48).

O OH

: I H +  CHNO, AtHNL engvarlants‘ ©)\/N02

(R)-2-nitro-1-phenylethanol or (R)-NPE

Scheme 3.2: Screening of AtHNL variants towards enantioselective synthesis of (R)-NPE.
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Figure 3.2: Primary screening of AtHNL variants altered at positions F82, F179 and Y14 in the
synthesis of (R)-NPE. The 2 h analysis data is considered and used here to draw the heat map.

Table 3.2a: Enantioselective synthesis of (R)-NPE catalysed by F82 saturation library variants.

S. No | Variants 1h 2h 3h

%conv | %ee | %conv| %ee |%conv | %ee

1 WT 17.45 97.5 2331 | 96.32 | 2445 | 96.24

2 F82A 0.22 66.67 0.14 33.33 0.8 48.35
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3 F82K 015 | -1111| 0.6 -28 0.42 | -28.87

4 F82T 0.23 62.96 1.03 50.85 0.87 60.40

5 F82R 0.48 -9.41 0.68 —6.07 0.99 —4.68

6 F82S 0.15 |-2112| 026 | -12.19| 035 —6.67

7 F82pP 0.69 | -13.29 | 0.87 —6.57 1.18 -3.0

8 F82Q 0.24 -1.79 0.46 —-0.46 0.62 0.7

Table 3.2b: Enantioselective synthesis of (R)-2-nitrophenyl ethanol catalysed by F179 saturation
library variants.

S.No | Variants 1lh 2h 3h

% conv % ee % conv % ee % conv % ee

1 WT 17.45 97.5 23.31 96.32 24.45 96.24
2 F179A 3.09 98.77 8.97 98.10 13.01 98.11
3 F179H 6.3 98.3 11.01 97.29 12.09 95.9
4 F179S 55 94.32 7.94 95.1 8.19 96.39
5 F179C 2.68 96.97 3.78 97.74 3.78 97.96
6 F179P 0.15 7.04 0.25 3.33 0.60 2.86
7 F179R 0.39 1.64 0.96 6.94 1.00 3.83
8 F179N 6.26 97.34 8.47 96.87 10.13 94.39
9 F179Q 491 94.43 2.14 67.89 0.34 86.25

10 F179G 1.57 79.06 2.72 78.23 3.11 77.44

11 F179l1 0.50 10.64 1.00 32.62 1.84 5.10

12 F179E 0.25 4.35 0.78 0.81 1.27 7.56

13 F179L 6.52 98.62 7.32 97.49 7.82 96.72

14 F179M 0.34 97.52 0.72 94.64 0.99 96.99

15 F179T 2.56 77.35 4.19 83.59 6.1 81.21

16 F179V 1.85 96.89 4.18 96.95 3.79 97.18

17 F179K 4.82 95.30 7.22 95.74 9.19 94.1

18 F179Y 0.85 83.8 13 84.42 2.16 91.3
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19 F179W 16.58 97.1 17.37 96.20 17.9 91.11

20 F179D 0.25 5.17 0.59 1.45 1.13 3.98

Table 3.2c: Enantioselective synthesis of (R)-2-nitrophenyl ethanol catalysed by Y14 saturation
library variants

S. No | Variants 1h 2h 3h

% conv | %ee | %conv | %ee | %oconv | %ee

1 WT 17.45 | 975 | 23.31 | 96.32 | 24.45 | 96.24

2 Y14A 2861 | 87.91| 332 |8937| 3461 | 86.79

3 Y14C 29.84 | 9532 | 3253 | 93.96 | 34.05 | 91.95

4 Y14Q 2201 |8835| 333 |-013| 3.05 |-38.35

5 Y14H 030 |2821| 0.73 |36.56| 1.55 53.65

6 Y14N 0.77 411 0.98 0.84 1.3 2.8

7 Y14P 0.8 25 136 | 3313 | 1.95 2.40

8 Y14S 023 | 118 | 065 |28.14| 1.06 375

9 Y14D 742 | 8820 | 155 |3390| 164 30.99

10 Y14F 30.65 | 97.00 | 32.89 | 94.68 | 33.95 | 92.60

11 Y14M 2290 | 96.04 | 28.16 | 94.26 | 30.38 | 91.23

12 Y14V 11.79 | 7789 | 1858 | 76.92 | 24.83 | 70.50

13 Y14W 10.31 | 88.53 | 13.21 | 85.88 | 15.01 | 82.92

14 Y14L 2281 | 9354 | 23.01 |87.43 | 2347 | 83.84

15 Y14E 531 | 70.44 6.2 64.88 | 6.86 62.7

16 Y14T 1457 | 87.82 15.1 | 88.17 154 86.09

17 Y14K 546 | 9750 | 10.72 | 96.57 | 10.63 | 95.62

18 Y14G 852 |94.16 | 1294 | 9218 | 13.02 | 73.73

19 Y14l 052 |-582| 0.08 |2857| 0.01 100

20 Y14R 0.19 |8841| 013 |9574| 0.01 -100
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Based on the above results (Table 3.2; Figure 3.3-3.48), eleven different AtHNL variants, i.e.,
F179H, F179N, F179L, and F179W from the F179 saturation library and Y14A, Y14C, Y14F,
Y14M, Y14G, Y14L and Y14T from the Y14 saturation library were selected for further study to

explore their potential in the synthesis of diverse (R)-B-nitroalcohols.

3.4.2.1. HPLC chromatograms of AtHNL and its variants catalyzed synthesis of (R)-NPE
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Figure 3.3: HPLC spectrum of wild type AtHNL showing enantioselective synthesis of (R)-NPE
at2h.
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Figure 3.4: HPLC spectrum of F82A showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.5: HPLC spectrum of F82K showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.6: HPLC spectrum of F82T showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.7: HPLC spectrum of F82R showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.8: HPLC spectrum of F82S showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.9: HPLC spectrum of F82P showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.10: HPLC spectrum of F82Q showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.11: HPLC spectrum of F179A showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.12: HPLC spectrum of F179H showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.13: HPLC spectrum of F179S showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.14: HPLC spectrum of F179C showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.15: HPLC spectrum of F179P showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.16: HPLC spectrum of F179R showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.17: HPLC spectrum of F179N showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.18: HPLC spectrum of F179Q showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.19: HPLC spectrum of F179G showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.20: HPLC spectrum of F1791 showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.21: HPLC spectrum of F179E showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.22: HPLC spectrum of F179L showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.24: HPLC spectrum of F179T showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.25: HPLC spectrum of F179V showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.26: HPLC spectrum of F179K showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.28: HPLC spectrum of F179W showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.29: HPLC spectrum of F179D showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.30: HPLC spectrum of Y14A showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.31: HPLC spectrum of Y14C showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.33: HPLC spectrum of Y14H showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.34: HPLC spectrum of Y14N showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.36: HPLC spectrum of Y14S showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.37: HPLC spectrum of Y14D showing enantioselective synthesis of (R)-NPE at 2 h.

139



e " Benzaldehyde
| L
Figure 3.38: HPLC spectrum of Y14F showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.39: HPLC spectrum of Y14M showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.40: HPLC spectrum of Y14V showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.41: HPLC spectrum of Y14W showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.42: HPLC spectrum of Y14L showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.43: HPLC spectrum of Y 14E showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.44: HPLC spectrum of Y14T showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.45: HPLC spectrum of Y 14K showing enantioselective synthesis of (R)-NPE at 2 h.

Figure 3.46: HPLC spectrum of Y14G showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.47: HPLC spectrum of Y141 showing enantioselective synthesis of (R)-NPE at 2 h.
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Figure 3.48: HPLC spectrum of Y14R showing enantioselective synthesis of (R)-NPE at 2 h.

3.4.3. NMR characterization of the racemic B-nitro alcohols

Racemic synthesis of twelve racemic B-nitroalcohols (Table 3.3) was carried out by addition of
different aldehydes to nitromethane in 1:10 molar ratio in the presence of 5 mol% of Ba(OH). as

a catalyst and their NMR characterization was confirmed as per the previous literaturg?®404443,

3.4.4. Chiral resolution of racemic p-nitroalcohols by HPLC

All the twelve racemic B-nitroalcohols were resolved using Chiralpak® IB chiral column using 1

mL/min flow rate at a wavelength of 210 nm (Table 3.3; Figure 3.49-3.60).
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Table 3.3: HPLC conditions and retention times of aldehydes and racemic B-nitroalcohols.

HPLC conditions Retention time Retention time
OH n-hexane: of aldehyde (min) of
R)\/ NC)2 2-propanol (v/v) (R) and (S)-BNAs
(min)
A
Ph 4.7 109,124
trans-cinnamyl Ph 6.9 24.2,22.8
3-chloro Ph 5.3 10.411.8
4-chloro Ph 5.4 10.8,12.5
90:10
4-fluoro Ph 5.2 9.7,10.8
3-methyl Ph 4.9 9.1,9.7
4-methyl Ph 4.9 9.9,11.5
4-nitro Ph v 104 22.1,25.6
3-methoxy Ph 97:3 for 6 minutes 6.1 19.2,21.7
followed by 90:10
2,4-dimethoxy Ph 90:10 8.3 12.3,16.5
3,4,5-tri methoxy Ph 80:20 72 13.6, 15.7
90:10
4-benzyloxy Ph 8.1 18.2,20.4
| o Aldehyde

Figure 3.49: HPLC spectrum of the standards: benzaldehyde, (R)- and (S)-NPE.
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Figure 3.50: HPLC spectrum of the standards: trans cinnamaldehyde, and corresponding (S)- and
(R)-B-nitroalcohols.
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Figure 3.51: HPLC spectrum of the standards: 3-chlorobenzaldehdye, and corresponding (R)-
and (S)-B-nitroalcohols.
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Figure 3.52: HPLC spectrum of the standards: 4-chlorobenzaldehdye, and corresponding (R)-
and (S)-B-nitroalcohols.
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Figure 3.53: HPLC spectrum of the standards: 4- fluorobenzaldehdye and corresponding (R) and
(S)-p-nitroalcohols.
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Figure 3.54: HPLC spectrum of the standards: 3-methylbenzaldehdye, and corresponding (R)-
and (S)-B-nitroalcohols.
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Figure 3.55: HPLC spectrum of the standards: 4-methylbenzaldehdye, and corresponding (R)-
and (S)-B-nitroalcohols.

¥

146



TR Aleyde ® 3
“: J-\kau_ﬂ_jt %%J—\Auﬁ_,}_kw.___ Cosap s o .

Flgure 3.56: HPLC spectrum of the standards 4 nltrobenzaldehdye and correspondlng (R)- and
(S)-p-nitroalcohols.
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Figure 3.57: HPLC spectrum of the standards: 3-methoxybenzaldehdye, and corresponding (R)-
and (S)-B-nitroalcohols.
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Figure 3.58: HPLC spectrum of the standards: 2,4-dimethoxybenzaldehdye, and corresponding
(R)- and (S)-B-nitroalcohols.
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Figure 3.59: HPLC spectrum of the standards: 3,4,5-trimethoxybenzaldehdye, corresponding (R)-
and (S)-B-nitroalcohols.
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Figure 3.60: HPLC spectrum of the standards: 4-benzyloxybenzaldehdye, corresponding (R)- and
(S)-B-nitroalcohols.

3.4.5. AtHNL variant (62.5 U) catalyzed synthesis of various (R)-B-nitroalcohols using

nitroaldol reaction

Twelve aromatic aldehydes (20 mM) including benzaldehyde were used as substrates along with
1.75 M of nitromethane in the enantioselective nitroaldol reaction. Twelve different enzymes, i.e.,
AtHNL wild type and its variants (F179H, F179N, F179L, and F179W from the F179 saturation
library and Y14A, Y14C, Y14F, Y14M, Y14G, Y14L and Y14T from the Y14 saturation library),
62.5 U of each were used as a catalyst, which resulted into a total of 144 biotransformations

towards the synthesis of the (R)-p-nitroalcohols (Scheme 3.3, Table 3.4, Figure 3.61-132). The
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variants Y14F, Y14M, F179W and F179N have exhibited better % conversion and % ee than the
wild type (Table 3.4). We observed that F179N has shown better results than the wild type AtHNL,
i.e., 96% ee and 76% conversion with benzaldehyde, 64% ee and 95% conversion with 3-
chlorobenzaldehyde and 98% ee and 58% conversion with 3-methylbenzaldehyde in the synthesis
of their corresponding (R)-B-nitroalcohols. The F179W has shown better results than the wild type
AtHNL in the synthesis of (R)-p-nitroalcohol of trans cinnamaldehyde, i.e., 91% ee and 13%
conversion. Y14M produced (R)-NPE in 95% ee and 75% conversion. The Y14F variant gave
better results in the synthesis of (R)-B-nitroalcohols of 4-chlorobenzaldehyde with 95% ee and
33% conversion, 4-nitrobenzaldehyde with 44% ee and 26% conversion, 2,4-
dimethoxybenzaldehyde with 93% ee and 12% conversion, 4-methylbenzaldehyde with 98% ee
and 51% conversion, 3-methoxybenzaldehyde with 93% ee and 61% conversion, 3,4,5-
trimethoxybenzaldehyde with 80% ee and 52% conversion and 4-benzyloxybenzaldehyde with

89% ee and 2% conversion (Table 3.4).

e} AtHNL eng variants

OH
J + cHyNo, - R/'\/No2

R H

(R)-B-nitroalcohols

Scheme 3.3: AtHNL variants in the enantioselective synthesis of diverse (R)-p-nitroalcohols.
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Table 3.4: AtHNL variants (62.5 U) catalysed enantioselective synthesis of (R)-B-nitroalcohols.

R WT |F179H|F179N|F179L [F179W |Y14A|Y14AM|Y14F [Y14C|Y14G|Y14L|Y14T
Ph 61 53 76 44 47 57 75 68 49 39 69 39
98 97 96 85 97 91 97 98 | 98 87 96 | 90
trans cinnamyl 7 5 8 8 13 ND 8 13 1 ND 9 ND
82 24 91 50 91 77 88 83 88
4-Fluoro Ph 4 ND 3 ND ND ND [ ND [ 04 | ND | ND | ND | ND
7 35 86
4-Chloro Ph 18 12 44 15 11 10 24 33 7 5 22 7
86 5 92 43 80 44 91 95 | 84 15 77 | 25
4-Nitro Ph 48 45 50 43 39 41 45 44 30 40 44 45
7 0.3 33 4 11 11 13 26 | 11 7 11 2
2,4-Dimethoxy Ph 12 1 5 3 10 ND 5 12 2 1 3 1
87 57 82 68 89 98 93 | 83 56 73 | 70
3-Chloro Ph 54 13 64 39 41 40 59 62 45 38 51 41
97 13 95 82 95 87 97 98 | 96 85 9 | 86
3-Methyl Ph 8 4 58 44 30 39 55 51 33 16 53 19
90 26 98 96 99 9 92 94 | 99 85 98 | 83
4-Methyl Ph 31 4 49 37 19 13 46 51 10 5 38 6
98 20 98 93 99 96 97 98 | 94 64 [ 92 | 61
3-Methoxy Ph 55 7 58 39 40 28 55 61 41 11 39 11
95 74 96 98 99 94 99 93 98 97 99 88
3,4,5-Trimethoxy Ph| 46 17 24 30 33 24 39 52 | 11 27 29 | 28
70 9 52 7 66 14 65 80 | 19 3 49 2
4-Benzyloxy Ph ND | ND | ND | ND | ND | ND | ND 2 | ND | ND | ND [ ND
89

ND: not determined; % ee is highlighted in bold and % conversion is in plain.
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Figure 3.61: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB
and benzaldehyde used as the substrate.
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Figure 3.62: HPLC spectrum of wild type AtHNL showing enantioselective synthesis of (R)-2-
nitro-1-phenylethanol at 3 h using benzaldehyde as the substrate.
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Figure 3.63: HPLC spectrum of the F179W variant showing enantioselective synthesis of (R)- 2-
nitro-1-phenylethanol at 3 h using benzaldehyde as the substrate.
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Figure 3.64: HPLC spectrum of the F179N variant showing enantioselective synthesis of (R)- 2-

nitro-1-phenylethanol at 3 h using benzaldehyde as the substrate.
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Figure 3.65: HPLC spectrum of the Y14F variant showing enantioselective synthesis of (R)- 2-

nitro-1-phenylethanol at 3 h using benzaldehyde as the substrate.
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Figure 3.66: HPLC spectrum of the Y14M variant showing enantioselective synthesis of (R)- 2-

nitro-1-phenylethanol at 3 h using benzaldehyde as the substrate.
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Figure 3.67: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB
and trans cinnamaldehyde used as the substrate.
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Figure 3.68: HPLC spectrum of wild type AtHNL showing enantioselective synthesis of (R)- (E)-
1-nitro-4-phenylbut-3-en-2-ol at 3 h using trans cinnamaldehyde as the substrate.
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Figure 3.69: HPLC spectrum of the F179W variant showing enantioselective synthesis of (R)-
(E)-1-nitro-4-phenylbut-3-en-2-ol at 3 h using trans cinnamaldehyde as the substrate.
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Figure 3.70: HPLC spectrum of the F179N variant showing enantioselective synthesis of (R)-
(E)-1-nitro-4-phenylbut-3-en-2-ol at 3 h using trans cinnamaldehyde as the substrate.
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Figure 3.71: HPLC spectrum of the Y 14F variant showing enantioselective synthesis of (R)- (E)-
1-nitro-4-phenylbut-3-en-2-ol at 3 h using trans cinnamaldehyde as the substrate.
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Figure 3.72: HPLC spectrum of the Y 14M variant showing enantioselective synthesis of (R)- (E)-
1-nitro-4-phenylbut-3-en-2-ol at 3 h using trans cinnamaldehyde as the substrate.
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Figure 3.73: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB
and 3-chlorobenzaldehyde used as the substrate.

“ i e _ Aldwehyde ) &) () -

N AV

e

Figure 3.74: HPLC spectrum of wild type AtHNL showing enantioselective synthesis of (R)-1-
(3-chlorophenyl)-2-nitroethanol at 3 h using 3-chlorobenzaldehyde as the substrate.
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Figure 3.75: HPLC spectrum of the F179W variant showing enantioselective synthesis of (R)-1-
(3-chlorophenyl)-2-nitroethanol at 3 h using 3-chlorobenzaldehyde as the substrate.
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Figure 3.76: HPLC spectrum of the F179N variant showing enantioselective synthesis of (R)-1-
(3-chlorophenyl)-2-nitroethanol at 3 h using 3-chlorobenzaldehyde as the substrate.
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Figure 3.77: HPLC spectrum of the Y14F variant showing enantioselective synthesis of (R)-1-
(3-chlorophenyl)-2-nitroethanol at 3 h using 3-chlorobenzaldehyde as the substrate.
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Figure 3.78: HPLC spectrum of the Y14M variant showing enantioselective synthesis of (R)-1-
(3-chlorophenyl)-2-nitroethanol at 3 h using 3-chlorobenzaldehyde as the substrate.
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Figure 3.79: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB
and 4-chlorobenzaldehyde used as the substrate.
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Figure 3.80: HPLC spectrum of wild type AtHNL showing enantioselective synthesis of (R)-1-
(4-chlorophenyl)-2-nitroethanol at 3 h using 4-chlorobenzaldehyde as the substrate.
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Figure 3.81: HPLC spectrum of the F179W variant showing enantioselective synthesis of (R)-1-
(4-chlorophenyl)-2-nitroethanol at 3 h using 4-chlorobenzaldehyde as the substrate.
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Figure 3.82: HPLC spectrum of the F179N variant showing enantioselective synthesis of (R)-1-
(4-chlorophenyl)-2-nitroethanol at 3 h using 4-chlorobenzaldehyde as the substrate.
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Figure 3.83: HPLC spectrum of the Y14F variant showing enantioselective synthesis of (R)-1-
(4-chlorophenyl)-2-nitroethanol at 3 h using 4-chlorobenzaldehyde as the substrate.
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Figure 3.84: HPLC spectrum of the Y14M variant showing enantioselective synthesis of (R)-1-
(4-chlorophenyl)-2-nitroethanol at 3 h using 4-chlorobenzaldehyde as the substrate.
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Figure 3.85: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB
and 4-fluorobenzaldehyde used as the substrate.

L

I

Trrm: 1430 Minaz - Prrplnad: - mall

mreabazent

I

A

Aldehyde

3
.

f’\

A

\

\

.

(R)

()

w

Figure 3.86: HPLC spectrum of wild type AtHNL showing enantioselective synthesis of (R)-1-(4-
fluorophenyl)-2-nitroethanol at 3 h using 4-fluorobenzaldehyde as the substrate.
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Figure 3.87: HPLC spectrum of the F179W variant showing enantioselective synthesis of (R)- 1-
(4-fluorophenyl)-2-nitroethanol at 3 h using 4-fluorobenzaldehyde as the substrate.
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Figure 3.88: HPLC spectrum of the F179N variant showing enantioselective synthesis of (R)-1-
(4-fluorophenyl)-2-nitroethanol at 3 h using 4-fluorobenzaldehyde as the substrate.
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Figure 3.89: HPLC spectrum of the Y14F variant showing enantioselective synthesis of (R)-1-(4-
fluorophenyl)-2-nitroethanol at 3 h using 4-fluorobenzaldehyde as the substrate.
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Figure 3.90: HPLC spectrum of the Y14M variant showing enantioselective synthesis of (R)-1-
(4-fluorophenyl)-2-nitroethanol at 3 h using 4-fluorobenzaldehyde as the substrate.

160



T S Aldehyde

- A % -
% \ | al
1 No reaction
- P e YRR ; i " ~ . :

Figure 3.91: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB
and 3-methylbenzaldehyde used as the substrate.
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Figure 3.92: HPLC spectrum of wild type AtHNL showing enantioselective synthesis of (R)-1-
(3-methylphenyl)-2-nitroethanol at 3 h using 3-methylbenzaldehyde as the substrate.
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Figure 3.93: HPLC spectrum of the F179W variant showing enantioselective synthesis of (R)-1-
(3-methylphenyl)-2-nitroethanol at 3 h using 3-methylbenzaldehyde as the substrate.
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Figure 3.94: HPLC spectrum of the F179N variant showing enantioselective synthesis of (R)-1-
(3-methylphenyl)-2-nitroethanol at 3 h using 3-methylbenzaldehyde as the substrate.
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Figure 3.95: HPLC spectrum of the Y14F variant showing enantioselective synthesis of (R)-1-
(3-methylphenyl)-2-nitroethanol at 3 h using 3-methylbenzaldehyde as the substrate.
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Figure 3.96: HPLC spectrum of the Y14M variant showing enantioselective synthesis of (R)-1-
(3-methylphenyl)-2-nitroethanol at 3 h using 3-methylbenzaldehyde as the substrate.
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Figure 3.97: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB
and 4-methylbenzaldehyde used as the substrate.
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Figure 3.98: HPLC spectrum of wild type AtHNL showing enantioselective synthesis of (R)-1-
(4-methylphenyl)-2-nitroethanol at 3 h using 4-methylbenzaldehyde as the substrate.
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Figure 3.99: HPLC spectrum of the F179W variant showing enantioselective synthesis of (R)-1-
(4-methylphenyl)-2-nitroethanol at 3 h using 4-methylbenzaldehyde as the substrate.
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Figure 3.100: HPLC spectrum of the F179N variant showing enantioselective synthesis of (R)-
1-(4-methylphenyl)-2-nitroethanol at 3 h using 4-methylbenzaldehyde as the substrate.
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Figure 3.101: HPLC spectrum of the Y 14F variant showing enantioselective synthesis of (R)- 1-
(4-methylphenyl)-2-nitroethanol at 3 h using 4-methylbenzaldehyde as the substrate.
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Figure 3.102: HPLC spectrum of the Y14M variant showing enantioselective synthesis of (R)-1-
(4-methylphenyl)-2-nitroethanol at 3 h using 4-methylbenzaldehyde as the substrate.
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Figure 3.103: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB
and 4-nitrobenzaldehyde used as the substrate.
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1-(4-nitrophenyl)-2-nitroethanol at 3 h using 4-nitrobenzaldehyde as the substrate.
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Figure 3.105: HPLC spectrum of the F179W variant showing enantioselective synthesis of (R)-
1-(4-nitrophenyl)-2-nitroethanol at 3 h using 4-nitrobenzaldehyde as the substrate.
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Figure 3.106: HPLC spectrum of the F179N variant showing enantioselective synthesis of (R)-
1-(4-nitrophenyl)-2-nitroethanol at 3 h using 4-nitrobenzaldehyde as the substrate.
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Figure 3.107: HPLC spectrum of the Y14F variant showing enantioselective synthesis of (R)-1-
(4-nitrophenyl)-2-nitroethanol at 3 h using 4-nitrobenzaldehyde as the substrate.

T FS Liniane - mgada - i

MresParcen

Aldehyde (R) )]

i

B

8

4 amk , k . ‘J{\. 8 f\ 3 °°°

[0 w ™) = ) £ i E) £ 7 ] ™ = a =
[

Figure 3.108: HPLC spectrum of the Y14M variant showing enantioselective synthesis of (R)-1-
(4-nitrophenyl)-2-nitroethanol at 3 h using 4-nitrobenzaldehyde as the substrate.
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Figure 3.109: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB
and 3-methoxybenzaldehyde used as the substrate.
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Figure 3.110: HPLC spectrum of wild type AtHNL showing enantioselective synthesis of (R)-1-
(3-methoxyphenyl)-2-nitroethanol at 3 h using 3-methoxybenzaldehyde as the substrate.
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Figure 3.111: HPLC spectrum of the F179W variant showing enantioselective synthesis of (R)-
1-(3-methoxyphenyl)-2-nitroethanol at 3 h using 3-methoxybenzaldehyde as the substrate.
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Figure 3.112: HPLC spectrum of the F179N variant showing enantioselective synthesis of (R)-
1-(3-methoxyphenyl)-2-nitroethanol at 3 h using 3- methoxybenzaldehyde as the substrate.
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Figure 3.113: HPLC spectrum of the Y14F variant showing enantioselective synthesis of (R)-1-
(3-methoxyphenyl)-2-nitroethanol at 3 h using 3-methoxybenzaldehyde as the substrate.
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Figure 3.114: HPLC spectrum of the Y14M variant showing enantioselective synthesis of (R)-1-
(3-methoxyphenyl)-2-nitroethanol at 3 h using 3-methoxybenzaldehyde as the substrate.
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Figure 3.115: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB
and 2,4-dimethoxybenzaldehyde used as the substrate.
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Figure 3.116: HPLC spectrum of wild type AtHNL showing enantioselective synthesis of (R)-1-
(2, 4-dimethoxyphenyl)-2-nitroethanol at 3 h using 2,4-dimethoxybenzaldehyde as the substrate.
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Figure 3.117: HPLC spectrum of the F179W variant showing enantioselective synthesis of (R)-
1-(2, 4-dimethoxyphenyl)-2-nitroethanol at 3 h using 2,4-dimethoxybenzaldehyde as the substrate.
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Figure 3.118: HPLC spectrum of the F179N variant showing enantioselective synthesis of (R)-
1-(2, 4-dimethoxyphenyl)-2-nitroethanol at 3 h using 2,4-dimethoxybenzaldehyde as the substrate.
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Figure 3.119: HPLC spectrum of the Y14F variant showing enantioselective synthesis of (R)-1-
(2, 4-dimethoxyphenyl)-2-nitroethanol at 3 h using 2,4-dimethoxybenzaldehyde as the substrate.
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Figure 3.120: HPLC spectrum of the Y14M variant showing enantioselective synthesis of (R)- 1-
(2, 4-dimethoxyphenyl)-2-nitroethanol at 3 h using 2,4-dimethoxybenzaldehyde as the substrate.
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Figure 3.121: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB

and 3,4,5-trimethoxybenzaldehyde used as the substrate.
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Figure 3.122: HPLC spectrum of wild type AtHNL showing enantioselective synthesis of (R)-1-
(3,4,5-trimethoxyphenyl)-2-nitroethanol at 3 h using 3,4,5-trimethoxybenzaldehyde as the

substrate.
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Figure 3.123: HPLC spectrum of the F179W variant showing enantioselective synthesis of (R)-
1-(3,4,5-trimethoxyphenyl)-2-nitroethanol at 3 h using 3,4,5-trimethoxybenzaldehyde as the

substrate.
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Figure 3.124: HPLC spectrum of the F179N variant showing enantioselective synthesis of (R)-1-

(3,4,5-trimethoxyphenyl)-2-nitroethanol at 3 h using 3,4,5-trimethoxybenzaldehyde as the
substrate.
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Figure 3.125: HPLC spectrum of the Y14F variant showing enantioselective synthesis of (R)-1-
(3,4,5-trimethoxyphenyl)-2-nitroethanol at 3 h using 3,4,5-trimethoxybenzaldehyde as the
substrate.
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Figure 3.126: HPLC spectrum of the Y14M variant showing enantioselective synthesis of (R)- 1-
(3,4,5-trimethoxyphenyl)-2-nitroethanol at 3 h using 3,4,5-trimethoxybenzaldehyde as the
substrate.
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Figure 3.127: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB
and 4-bezyloxybenzaldehyde used as the substrate.
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Figure 3.128: HPLC spectrum of wild type AtHNL showing enantioselective synthesis of (R)-1-
(4-benzyloxyphenyl)-2-nitroethanol at 3 h using 4-benzyloxybenzaldehyde as the substrate.
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Figure 3.129: HPLC spectrum of the F179W variant showing enantioselective synthesis of (R)-
1-(4-benzyloxyphenyl)-2-nitroethanol at 3 h using 4-benzyloxybenzaldehyde as the substrate.
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Figure 3.130: HPLC spectrum of the F179N variant showing enantioselective synthesis of (R)-
1-(4-benzyloxyphenyl)-2-nitroethanol at 3 h using 4-benzyloxybenzaldehyde as the substrate.
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Figure 3.131: HPLC spectrum of the Y14F variant showing enantioselective synthesis of (R)-1-
(4-benzyloxyphenyl)-2-nitroethanol at 3 h using 4-benzyloxybenzaldehyde as the substrate.
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Figure 3.132: HPLC spectrum of the Y14M variant showing enantioselective synthesis of (R)-1-
(4-benzyloxyphenyl)-2-nitroethanol at 3 h using 4-benzyloxybenzaldehyde as the substrate.

174



3.4.6. Enantioselective synthesis of various (R)-B-nitroalcohols by nitroaldol reaction using

higher amount of AtHNL variants (125 U)

We assumed that an increase in the enzyme amount would improve the conversion and
enantioselectivity in the AtHNL variants catalyzed synthesis of (R)-B-nitroalcohols. Accordingly,
we have carried out biocatalysis of all the twelve substrates with 125 U of AtHNL variants, Y14F,
Y14M, F179W and F179N, which were performed better with most of the substrates (Table.3.4).
The detailed improvement in terms of % conversion and % ee found are shown in Table.3.5
(Figure 3.133-146).

The variants Y14F, Y14M, F179W and F179N have exhibited better % conversion and % ee than
the wild type after increasing the amount of enzyme (Table 3.5). We have observed that F179N
has shown better results than the wild type AtHNL, i.e., 97% ee and 82% conversion with
benzaldehyde, 98% ee and 72% conversion with 3- chlorobenzaldehyde and 98% ee and 59%
conversion with 3-methylbenzaldehyde. The F179W variant did not show better results than the
previous one with respect to trans cinnamaldehyde, i.e., 81% ee and 8% conversion. Y14M has
shown 93% ee and 84% conversion with benzaldehyde, 91% ee and 5% conversion with 4-
fluorobenzaldehyde and 95% ee and 7% conversion with 4-benzyloxybenzaldehyde. Y14F also
gave better results i.e., 91% ee and 53% conversion with 4-chlorobenzaldehyde, 16% ee and 53%
conversion with  4-nitrobenzaldehyde, 98% ee and 27% conversion with 24-
dimethoxybenzladehyde, 99% ee and 61% conversion with 4-methylbenzaldehyde, 99% ee and
65% conversion with 3-methoxybenzaldehyde, 91% ee and 67% conversion with 3,4,5-
trimethoxybenzaldehyde and 95% ee and 5% conversion with 4-benzyloxybenzaldehyde (Table

3.5).
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Table 3.5: AtHNL variants (125 U) catalysed enantioselective synthesis of (R)-B-nitroalcohols.

R WT WT F179N | F179N | F179W | F179W | Y14M | Y14M Y14F Y14F
(62.5U) | (125V) | (62.5U) | (125U) | (62.5U) | (125U) | (62.5U) | (125V) | (62.5U) | (125U)
Ph 61 - 76 82 47 58 75 84 68 75
98 96 97 97 99 97 93 98 99
trans cinnamyl 7 - 8 - 13 8 8 - 13 -
82 91 91 81 77 88
4-Fluoro Ph ND 4 ND 3 ND 3 ND 5 ND 0.4
77 35 56 91 86
4-Chloro Ph 18 - 44 - 11 - 24 - 33 53
86 92 80 91 95 91
4-Nitro Ph 48 - 50 - 39 - 45 - 44 53
7 33 11 13 22 16
2,4-Dimethoxy 12 - 5 - 10 - 5 - 12 27
Ph 87 82 89 98 93 98
3-Chloro Ph 54 - 64 72 41 - 59 - 62 -
97 95 98 95 97 98
3-Methyl Ph 8 - 58 59 30 - 55 - 51 -
90 98 98 99 92 94
4-Methyl Ph 31 - 49 - 19 - 46 - 51 61
98 98 99 97 98 99
3-Methoxy Ph 55 - 58 - 40 - 55 - 61 65
95 96 99 99 93 99
3,4,5-Tri 46 - 24 - 33 - 39 - 52 67
methoxy Ph 70 52 66 65 80 91
4-Benzyloxy ND 2 ND 3 ND 0.2 ND 7 2 5
Ph 70 88 38 95 89 95

ND: not determined; — mark:
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Figure 3.133: HPLC spectrum of AtHNL WT (125 U) catalyzed synthesis of (R)-B-nitroalcohol
of 4-benzyloxybenzaldehyde at 3 h.
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Figure 3.134: HPLC spectrum of AtHNL WT (125 U) catalyzed synthesis of (R)-B-nitroalcohol
of 4-fluorobenzaldehyde at 3 h.
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Figure 3.135: HPLC spectrum of the F179N variant (125 U) catalyzed synthesis of (R)-p-
nitroalcohol of benzaldehyde at 3 h.
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Figure 3.136: HPLC spectrum of the F179N variant (125 U) catalyzed synthesis of (R)-p-
nitroalcohol of 4-fluorobenzaldehyde at 3 h.
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Figure 3.137: HPLC spectrum of the F179N variant (125 U) catalyzed synthesis of (R)-p-
nitroalcohol of 3-chlororobenzaldehyde at 3 h.
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Figure 3.138: HPLC spectrum of the F179N variant (125 U) catalyzed synthesis of (R)-p-
nitroalcohol of 3-methylbenzaldehyde at 3 h.
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Figure 3.139: HPLC spectrum of the F179N variant (125 U) catalyzed synthesis of (R)-p-
nitroalcohol of 4-benzyloxybenzaldehyde at 3 h.
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Figure 3.140: HPLC spectrum of the Y14M variant (125 U) catalyzed synthesis of (R)-p-
nitroalcohol of benzaldehyde at 3 h.
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Figure 3.141: HPLC spectrum of the Y14M variant (125 U) catalyzed synthesis of (R)--
nitroalcohol of 4-fluorobenzaldehyde at 3 h.
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Figure 3.142:

etes

HPLC spectrum of the Y14M variant (125 U) catalyzed synthesis of (R)-B-

nitroalcohol of 4-benzyloxybenzaldehyde at 3 h.
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Figure 3.143:
nitroalcohol of 4-chlorobenzaldehyde at 3 h.
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Figure 3.144:
nitroalcohol of 4-fluorobenzaldehyde at 3 h.
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Figure 3.145:
nitroalcohol of 4-nitrobenzaldehyde at 3 h.
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Figure 3.146: HPLC spectrum of the Y14F variant (125 U) catalyzed synthesis of (R)-p-
nitroalcohol of 4-benzyloxybenzaldehyde at 3 h.

3.4.7. AtHNL double variants catalyzed synthesis of various (R)-p-nitroalcohols using

nitroaldol reaction

Two AtHNL double variants, i.e., Y14M-F179W and Y14M-F179N were evaluated in the
biocatalytic synthesis of all the twelve (R)-p-nitroalcohols as studied in 3.4.5 and 3.4.6. Initially
62.5 U of the enzyme was used in the biocatalysis of AtHNL-Y14M-F179W and was compared
with the data of corresponding wide type catalyzed reaction (Table.3.6, Figure 3.147-158). With
the aim to further improve the conversion and enantioselectivity we investigated the biocatalysis
of all the twelve substrates using 125 U of purified AtHNL-Y14M-F179W (Table.3.6, Figure
3.159 —-164). This double variant showed improved results than the wild type AtHNL, i.e., 99% ee
and 76% conversion with benzaldehyde, 93% ee and 24% conversion with trans cinnamaldehyde
and 82% ee and 3% conversion with 4-fluorobenzaldehyde, 97% ee and 56% conversion with 4-
chlorobenzaldehyde, 56% ee and 53% conversion with 4-nitrobenzaldehyde and 98% ee and 4%
conversion with 4-benzyloxybenzaldehyde in the synthesis of their corresponding (R)-p-

nitroalcohols.
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Our attempt to study the biocatalysis of three other double variants Y14F-F179N, Y14F-F179W
and Y14M-F179N was hampered by their poor protein expression. Therefore, we have decided to
study them using corresponding crude cell lysates. Unfortunately, we found low specific activity
in case of all three of them. Expecting to get comparable results, we did biocatalysis with 200 U
of crude cell lysate of these enzymes and studied the enantioselective nitroaldol synthesis with all
the tweleve substrates. Disappointingly, most of them did not show any improvement in
enantioselectivity in the nitroaldol reaction of most of the substrates (Table 3.6), except Y14F-
F179W in case of 3,4,5-trimethoxybenzaldehyde (86% ee and 11% conversion).

Table 3.6: AtHNL double variants catalyzed enantioselective synthesis of (R)-B-nitroalcohols.

R WT Y14M- Y14M- Y14M- Y14F- Y14F-
(62.5V) F179W F179W F179N F179wW F179N
(62.5V) (125V) (200U- (200U- (200U-
crude) crude) crude)
Ph 61 60 76 4 10 5
98 98 99 74 18 57
trans cinnamyl 7 21 24 ND ND ND
82 95 93
4-Fluoro Ph ND ND 3 ND ND 2
82 65
4-Chloro Ph 18 45 56 1 2 2
86 96 97 43 24 56
4-Nitro Ph 48 49 53 24 34 23
7 37 56 7 10 15
2,4-Dimethoxy Ph 12 17 - ND ND ND
87 97
3-Chloro Ph 54 52 - 4 6 6
97 96 16 13 56
3-Methyl Ph 8 56 - 1 2 2
90 99 71 50 85
4-Methyl Ph 31 56 - 1 2 1
98 98 48 11 67
3-Methoxy Ph 55 54 - 2 3 3
95 99 61 58 60
3,4,5-Trimethoxy 46 48 - ND 11 6
Ph 70 84 86 16
4-Benzyloxy Ph ND 4 4 ND ND ND
78 98

ND: not determined; — mark: not done; % ee is highlighted in bold and % conversion is in plain.
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Figure 3.147: HPLC spectrum of the Y14M-F179W catalyzed enantioselective synthesis of (R)-

B-nitroalcohol of benzaldehyde at 3 h.
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Figure 3.148: HPLC spectrum of the Y14M-F179W catalyzed enantioselective synthesis of (R)-

B-nitroalcohol of trans cinnamaldehyde at 3 h.
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Figure 3.149: HPLC spectrum of the Y14M-F179W catalyzed enantioselective synthesis of (R)-

B-nitroalcohol of 4-fluorobenzaldehyde at 3 h.
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Figure 3.150: HPLC spectrum of the Y14M-F179W catalyzed enantioselective synthesis of (R)-

B-nitroalcohol of 4-chlorobenzaldehyde at 3 h.
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Figure 3.151: HPLC spectrum of the Y14M-F179W catalyzed enantioselective synthesis of (R)-

= =

B-nitroalcohol of 4-nitrobenzaldehyde at 3 h.
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Figure 3.152: HPLC spectrum of the Y14M-F179W catalyzed enantioselective synthesis of (R)-

B-nitroalcohol of 2,4-dimethoxybenzaldehyde at 3 h.
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Figure 3.153: HPLC spectrum of the Y14M-F179W catalyzed enantioselective synthesis of (R)-

B-nitroalcohol of 3-chlorobenzaldehyde at 3 h.
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Figure 3.154: HPLC spectrum of the Y14M-F179W catalyzed enantioselective synthesis of (R)
B-nitroalcohol of 3-methylbenzaldehyde at 3 h.

Te 175 B - TR - M

i ' Aldehyde

,zazsziéié

§

Nl

(R)

(S)

& 8 & § B B & 8 B

Figure 3.155: HPLC spectrum of the Y14M-F179W catalyzed enantioselective synthesis of (R)-
B-nitroalcohol of 4-methylbenzaldehyde at 3 h.
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Figure 3.156: HPLC spectrum of the Y14M-F179W catalyzed enantioselective synthesis of (R)-
B-nitroalcohol of 3-methoxybenzaldehyde at 3 h.
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Figure 3.157: HPLC spectrum of the Y14M-F179W catalyzed enantioselective synthesis of (R)-
B-nitroalcohol of 3,4,5-trimethoxybenzaldehyde at 3 h.
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Figure 3.158: HPLC spectrum of the Y14M-F179W catalyzed enantioselective synthesis of (R)-
B-nitroalcohol of 4-benzyloxybenzaldehyde at 3 h.
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Figure 3.159: HPLC spectrum of the Y14M-F179W (125 U) catalyzed enantioselective synthesis
of (R)-B-nitroalcohol of benzaldehyde at 3 h.
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Figure 3.160: HPLC spectrum of the Y14M-F179W (125 U) catalyzed enantioselective synthesis
of (R)-B-nitroalcohol of trans cinnamaldehyde at 3 h.
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Figure 3.161: HPLC spectrum of the Y14M-F179W (125 U) catalyzed enantioselective synthesis
of (R)-B-nitroalcohol of 4-fluorobenzaldehyde at 3 h.
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Figure 3.162: HPLC spectrum of the Y14M-F179W (125 U) catalyzed enantioselective synthesis

of (R)-B-nitroalcohol of 4-chlorobenzaldehyde at 3 h.
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Figure 3.163: HPLC spectrum of the Y14M-F179W (125 U) catalyzed enantioselective synthesis

of (R)-B-nitroalcohol of 4-nitrobenzaldehyde at 3 h.
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Figure 3.164: HPLC spectrum of the Y14M-F179W (125 U) catalyzed enantioselective synthesis
of (R)-B-nitroalcohol of 4-benzyloxybenzaldehyde at 3 h.
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3.5. Discussion

3.5.1. Screening of AtHNL and its variants for (R)-NPE synthesis

We began this study aiming to uncover an engineered AtHNL variant that could efficiently catalyze
the enantioselective synthesis of (R)-B-nitroalcohols using promiscuous Henry reaction. To
accomplish this objective, in our first step we performed a preliminary screening of all the
saturation library variants that were discussed in the previous chapter (Scheme 3.2) to synthesize
(R)-NPE. The variants of F82A library did not show any higher nitroaldolase activity than the WT
(Table 3.2a, Figure 3.2-3.10). Even in our previous study, F82 variants have shown lower retro-
nitroaldolase activity. This screening data suggests that Phe82 is a very crucial residue for not
only retro-nitroaldolase activity but also for nitroaldolase activity of AtHNL, although its exact
role is yet to be discovered. Nearly a dozen of variants in the F179 saturation library have shown
good % ee but the % conversion was moderate in a few of them. The variants F179A, F179H,
F179C, F179N, F179L, F179M, F179V, F179K, and F179W have shown >96% ee and F179S has
shown >95% ee of (R)-NPE at 2 h. However, among these variants, F179C, F179M and F179V
have shown very minimal % conversion, unlike others which have moderate % conversion ranging
from 10-17% (Table 3.2b, Figure 3.2, 3.11-3.29). Among the Y14 saturation library variants,
Y 14K and Y14R have shown ~96% ee, Y 14F has shown >95% ee, Y14C and Y14M shown >93%
ee, Y14G showed ~92% ee and Y14A, Y14T, and Y14L have shown ~90% ee of (R)-NPE (Table
3.2¢, Figure 3.2, 3.30-3.48). Highest conversion of ~33% was observed in case of Y14A, Y14C
and Y14F as compared to 23% by the wild type. Y14M and Y14L have shown ~28% conversion,
Y14G and Y14K have shown ~12% conversion, however, a very minimal % conversion was found
in case of Y14R. Even though F179C, F179M, F179V, F179S and Y14R showed good

enantioselectivity, as their conversion in the asymmetric synthesis of (R)-NPE was poor, they were
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not selected for further studies. Similarly, the F179A, F179K and Y14K variants are also not
selected due to their poor protein expression and very low specific activity. Finally, the single
variants F179H, F179N, F179L, and F179W from the F179 saturation library and Y14A, Y14C,
Y14F, Y14M, Y14G, Y14L and Y14T from the Y14 saturation library were shortlisted for further
investigations. Analysis to understand and draw an analogy between the natures of the selected
amino acids that are being replaced to their role at molecular level towards the enantioselective

synthesis of (R)-NPE has become difficult.

3.5.2. Chiral resolution of racemic B-nitroalcohols by HPLC

Chiral resolution of racemic B-nitroalcohols was performed using Chiralpak® IB chiral column in
a HPL.C with a flow rate of 1 mL/min (Table 3.3; Figure 3.49-3.60). The analysis was performed
at wavelength of 210 nm using different ratio of n-hexane and 2-propanol as the mobile phase. For
sample preparation, 4 umol of the respective the racemic B-nitroalcohol was dissolved in the

mobile phase (n-hexane and 2-propanol) and was used for chiral analysis.

The compounds 2-nitro-1-phenylethanol, (E)-1-nitro-4-phenylbut-3-en-2-ol, 1-(3-chlorophenyl)-
2-nitroethanol,  1-(4-chlorophenyl)-2-nitroethanol,  1-(4-fluorophenyl)-2-nitroethanol,  1-(3-
methylphenyl)-2-nitroethanol, 1-(4-methylphenyl)-2-nitroethanol, 1-(4-nitrophenyl)-2-
nitroethanol, 1-(2, 4-dimethoxyphenyl)-2-nitroethanol and 1-(4-benzyloxyphenyl)-2-nitroethanol
were resolved using 90:10 n-hexane and 2-propanol ratio. The compound 1-(3-methoxyphenyl)-2-
nitroethanol was initially run on 97:3 of n-hexane and 2-propanol for 6 minutes to separate
aldehyde and nitromethane peaks followed by 90:10 ratio to resolve both the enantiomers. Finally,
1-(3, 4, 5-trimethoxyphenyl)-2-nitroethanol was resolved at 80:20 n-hexane and 2-propanol ratio.

Table 3.3 represents the retention times of these compounds and their respective aldehydes.
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3.5.3. AtHNL variants catalyzed synthesis of various (R)-p-nitroalcohols using nitroaldol
reaction

Purified enzymes of the single variants F179H, F179N, F179L, and F179W from the F179
saturation library and Y14A, Y14C, Y14F, Y14M, Y14G, Y14L and Y14T from the Y14
saturation library, were used in the biocatalytic study in enantioselective synthesis of (R)-B-
nitroalcohols by nitroaldol reaction. To explore the substrate scope of these variants, a dozen of
diverse aldehydes were carefully chosen. The set of substrates included 4-benzyloxy
benzaldehyde, an aromatic aldehyde with a bulky benzyloxy group at the para position, trans
cinnamaldehyde that has a longer carbon skeleton, and ten aromatic aldehydes. The versatile
substrate set of aromatic aldehydes contained single, double and triple substitutions of different
functional groups (-CHs, -OCHgs, -NO>, -F, -Cl,) in the aromatic ring, substituents at different
positions (ortho, meta, and para) of the aromatic ring, and both electron-donating and withdrawing
groups. Our initial set of biocatalysis consisted of 144 (12 enzymes x 12 aldehydes) diverse
enantioselective Henry reactions (Table 3.4; Figure 3.61-3.132). Here we adopted modified
biocatalytic conditions for these transformations, i.e., 62.5 U of AtHNL variants, 20 mM aldehyde
and 1.75 M nitromethane were used. These conditions are different than that used for screening
study. Subsequently, we have selected four single variants Y14F, Y14M, F179W and F179N,
which performed better with most of the substrates, and tested them again in biocatalysis with 125
U of the enzyme to check for any improvement in enantioselectivity and/or conversion (Table 3.5;
Figure 3.133-3.146). Later four double variants, i.e., Y14F-F179N, Y14F-F179W, Y14M-F179W
and Y14M-F179N were created and investigated against the above twelve substrates in synthesis
of corresponding (R)-B-nitroalcohols. Unfortunately, three of them, Y14F-F179N, Y14F-F179W

and Y14M-F179N showed very poor expression and low specific activity. So, 200 U of crude
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enzyme of each of them were employed in the biocatalysis to check if they show any selectivity
towards any of the substrates. But none of them showed any positive results for any of the
substrates (Table 3.6). AtHNL-Y14M-F179W unlike the other double variants displayed better
expression and good specific activity, hence, biocatalysis was performed using 62.5 U of its
purified enzyme, with all substrates (Table 3.6; Figure 3.147-3.158). Later biocatalysis was
carried out using 125 U of this enzyme with selected susbtrates to obtain further improvement in
enantioselectivity and conversion (Table 3.6; Figure 3.159-3.164). The improved biocatalytic

features for each substrate using engineered AtHNL is discussed below.

First HNL catalyzed nitroaldol reaction to synthesize (R)-NPE was reported by Asano et al. using
wild type AtHNL, which showed only 30% conversion with 91% ee in 2 h?. Yu et al. used an
acyl-peptide releasing enzyme from Sulfolobus tokodaii (ST0779) to synthesize (R)-NPE from
benzaldehyde using promiscuous Henry reaction, which took long reaction time (90 h) for its
catalysis to obtain only 34% conversion with just 17% ee*!. This enzyme did not show uniform
enantiopreference, as its enantioselectivity varied with the electronic effects of the substituents on
the benzaldehyde ring. Two other (R)-selective HNLs, GtHNL, AcHNL have also been reported
in the synthesis of (R)-NPE from benzaldehyde but they require metal cofactor in their catalysis
unlike AtHNL3%. While wild type AcHNL and GtHNL gave low conversions and % ee in (R)-NPE
synthesis, in case of ACHNL-A40H, 74% conversion with 97% ee and GtHNL-A40R, 75%
conversion with 94% ee of (R)-NPE was reported at 24 h. Both the variants used 20 mM
benzaldehyde and hence the product obtained is equivalent to 14.8-15 mM. In our study, we
achieved 84% conversion with Y14M and 82% conversion with F179N using 20 mM
benzaldehyde, hence the product concentration calculated to be 16.4 & 16.8 mM respectively in 3

h. Compared to the 24 h reaction time by AcCHNL and GtHNL variants, our AtHNL variants (Y14M
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& F179N) produced (R)-NPE in just 3 h with comparable or better yield. Horse liver alcohol
dehydrogenase (HLADH)-AtHNL cascade was another approach to produce (R)-NPE from
benzylalcohol. The nitroaldol step of this cascade used 800 U of AtHNL in the benzaldehyde to
(R)-NPE synthesis and gave 64% conversion with good enantioselectivity at 6 h*. In our study,
with 62.5 U of AtHNL we achieved 61% conversion and 98% ee of (R)-NPE from benzaldehyde.
With 125 U of F179N and Y 14M, the % conversions were increased to 82 and 84 while high % ee
of 97 and 93 were observed respectively at 3 h (Table 3.5). Y14M-F179W showed 76%
conversion with 99% ee at 3 h (Table 3.6). Compared to the previous studies, we improved the
synthesis of (R)-NPE from benzaldehyde in terms of % conversion and enantiopurity in less time

and less amount of enzyme using AtHNL variants.

We reported here for the first time the engineered AtHNL catalyzed enantioselective synthesis of
(R)-(E)-1-nitro-4-phenylbut-3-en-2-ol from trans cinnamaldehyde. Earlier, immobilized AtHNL
was reported with racemic trans cinnamaldehyde as substrate in the retro-Henry reaction but it
showed only 5% ee and 47% conversion of the corresponding (S)- product at 9 h indicating very
poor selectivity?’. In the current study, wild type AtHNL showed 7% conversion and 82% ee while
F179W showed 13% conversion and 91% ee in 3 h (Table 3.5). The double variant Y14M-
F1799W showed 24% conversion and 93% ee at 3 h (Table 3.6). Clearly, AtHNL engineering has
enhanced both the substrate preference and enantioselectivity in the synthesis of (R)-(E)-1-nitro-

4-phenylbut-3-en-2-ol.

In case of enantioselective synthesis of (R)-1-(4-fluorophenyl)-2-nitroethanol, with 125 U of
Y 14M we could achieve 91% ee with 5% conversion at 3 h (Table 3.5), while the wild type AtHNL

showed only 4% conversion with 77% ee. Earlier, Asano et al. reported 80% ee using 250 U of
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wild type AtHNL?®. The Y14M has improved the % ee to 91 using half of the enzyme amount used

in the earlier report.

Wild type AtHNL was reported to synthesize (R)-1-(4-chlorophenyl)-2-nitroethanol in 9%
conversion with 87% ee?. The ST0779 catayzed conversion of 4-chlorobenzaldehyde by Henry
reaction produced 45% conversion with 78% ee of (R)-1-(4-chlorophenyl)-2-nitroethanol using 20
mg of enzyme, while the reaction took long time (60 h)**. HLADH-AtHNL cascade mediated
synthesis of (R)-1-(4-chlorophenyl)-2-nitroethanol was also reported where 800 U of AtHNL was
used in the nitroaldol reaction step to give only 38% conversion with 98% ee at 4 h*°. We observed
18% and 86% by the wild type AtHNL, 53% and 91% by the Y14F (Table 3.5) and 56% and 95%
conversion and ee respectively by 125 U of Y14M-F1799W in 3 h (Table 3.6). Both high
conversion and % ee were achieved in less time and amount of enzyme compared to previous

reports using AtHNL variants.

The only enzymatic nitroaldol to synthesize (R)-1-(4-nitrophenyl)-2-nitroethanol from its
corresponding aldehyde using STO779 reported 92% conversion with 94% ee of product.
However, the reaction required 20 mg of enzyme and took long reaction time of 18 h*.. In case of
HLADH-AtHNL cascade, 800 U of AtHNL was used in the nitroaldol reaction, which gave 89%
conversion and 69% ee at 8 h*°. We found 48% conversion and only 7% ee at 3 h by the wild type
AtHNL, while, Y14F has shown 53% conversion and 16% ee and F179N has shown 50%
conversion with 33% ee at 3 h (Table 3.5). The % ee of (R)-1-(4-nitrophenyl)-2-nitroethanol was
improved to 56 by Y14M-F1799W and 53% conversion was found at 3h using 125 U of the

enzyme (Table 3.6).

We reported here for the first time the biocatalytic enantioselective synthesis of (R)-1-(2, 4 -

dimethoxyphenyl)-2-nitroethanol by nitroaldol reaction. The WT could produce it in only 12%
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conversion with 87% ee. To our delight, Y14F has improved the conversion of the product to

almost double, where 27% conversion and enantioselectivity also increased to 98% (Table 3.5).

Earlier report of WT AtHNL catalysed nitroaldol reaction produced (R)-1-(3-chlorophenyl)-2-
nitroethanol using in 17% conversion with 91% ee?. Lipase PS catalyzed kinetic resolution has
produced unreacted (R)-1-(3-chlorophenyl)-2-nitroethanol in 52% conversion and 99% ee*.
Asymmetric reduction of corresponding a-nitroketone by RasADH has demonstrated in the
synthesis of (R)-1-(3-chlorophenyl)-2-nitroethanol in 72% conversion and 96% ee®. In the
HLADH-AtHNL cascade to produce (R)-1-(3-chlorophenyl)-2-nitroethanol from 3-
chlorobenzylalcohol, the nitroaldol step resulted in 75.8% conv, and 99% ee at 4 h*°. We observed
54% conv and 97% ee of product by the WT AtHNL catalyzed nitroaldol synthesis. Three variants,
Y14F, Y14M, and F179N have appeared to be better the WT in the asymmetric nitroaldol reaction.
In case of F179N, (R)-1-(3-chlorophenyl)-2-nitroethanol was obtained in 72% conversion with
98% ee while Y14M and Y14F showed 59% and 62% conversions and 97% and 98% ee,

respectively at 3 h (Table 3.5).

Previously, AtHNL WT catalyzed nitroaldol synthesis of (R)-1-(3-methylphenyl)-2-nitroethanol
resulted in 12% conversion with 96% ee?. The ketoreductase RasADH catalyzed asymmetric
reduction of corresponding a-nitroketone was neither efficient nor shown high enantioselectivity
(38% conv, 91% ee)?. Kinetic resolution of racemic 1-(3-methylphenyl)-2-nitroethanol by lipase
PS catalyzed gave the unreacted (R)-1-(3-methylphenyl)-2-nitroethanol in 54% conversion and
99% ee*®. Our study revealed five AtHNL variants for synthesis of (R)-1-(3-methylphenyl)-2-
nitroethanol by asymmetric Henry reaction. While the WT produced in 8% conversion and 90%
ee, the five variants, Y14F, Y14M, F179N, F179W and Y14M-F179W, have shown significant

increase in both conversion and enantioselectivity. They produced (R)-1-(3-methylphenyl)-2-
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nitroethanol in 30-59% conversion with 92-99% ee (Table 3.5 and 3.6). Both F179N (59% conv,
98% ee) and Y14M-F179W (56% conv, 99% ee) have proved to be the best biocatalysts so far to

synthesize (R)-1-(3-methylphenyl)-2-nitroethanol.

The first attempt for the enantioselective synthesis of (R)-1-(4-methylphenyl)-2-nitroethanol was
by Asano et al?®. They used wild type AtHNL for catalyzing the nitroaldol reaction that resulted in
only 11% conversion and 94% ee in 2 h. This promiscuous reaction in the presence of high amount
(50 mg) of human serum albumin in water when carried out for 168 h, the % conversion to (R)-1-
(4-methylphenyl)-2-nitroethanol was found to be 53, however the % ee was just limited to 60%’. In
case of lipase PS catalyzed kinetic resolution of racemic 1-(4-methylphenyl)-2-nitroethanol, a 51%
conversion with 99% ee was reported*®. Biocatalytic asymmetric reduction of the corresponding
a-nitroketone by RasADH, a ketoreductase from Ralstonia species exhibited excellent conversion
of >99%, however the ee was 86%2°. Our nitroaldol synthesis by the wild type AtHNL gave 31%
conversion and 98% ee of (R)-1-(4-methylphenyl)-2-nitroethanol. Among the variants, four of
them, i.e., Y14F, Y14M, F179N and Y14M-F179W exhibited higher conversion (46-61%) with
97-99% ee (Table 3.5 and 3.6). Y14F gave the highest enantioselectivity (99% ee) and 61%

conversion towards the synthesis of (R)-1-(4-methylphenyl)-2-nitroethanol.

The first study on WT AtHNL catalyzed nitroaldol reaction in enantioselective synthesis of (R)-1-
(3-methoxyphenyl)-2-nitroethanol resulted in 13% conversion and 91% ee?®. The ketoreductase
RasADH catalyzed asymmetric reduction of corresponding o-nitroketone produced the -
nitroalcohol in 59% conversion and 79% ee?®. We found 55% conversion and 95% ee of (R)-1-(3-
methoxyphenyl)-2-nitroethanol by the wild type AtHNL, while Y14F, Y14M, F179N and Y 14M-

F179W have shown 54-65% conversion and 95-99% ee (Table 3.5 and 3.6). Among them the
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Y 14F synthesized (R)-1-(3-methoxyphenyl)-2-nitroethanol in 65% conversion, with 95% ee and

still remains the best biocatalyst so far to produce this product.

We reported here for the first time the biocatalytic enantioselective synthesis of (R)-1-(3,4,5 -
trimethoxyphenyl)-2-nitroethanol using engineered AtHNL. The wild type AtHNL displayed 46%
conversion and 70% ee in the synthesis of this product. To our delight, two variants, Y14F, and
Y14M-F179W have shown higher conversion and enantioselectivity than the WT. While Y14F
has produced (R)-1-(3,4,5 -trimethoxyphenyl)-2-nitroethanol in 67% conversion and 91% ee
(Table 3.5), the double variant Y14M-F179W could produce it in 48% conversion and 84% ee

(Table 3.6).

The only biocatalytic asymmetric synthesis of (R)-1-(4-benzyloxyphenyl)-2-nitroethanol was
reported using HLADH-AtHNL cascade reaction. In that study, the nitroaldol reaction provided
only 2.6% conversion to (R)-1-(4-benzyloxyphenyl)-2-nitroethanol in 8 h*. We observed that four
variants, Y14F, Y14M, F179N and Y14M-F179W displayed higher % conversion and % ee of the
product than the wild type AtHNL (2% conversion and 70% ee). The F179N showed 3%
conversion and 88% ee, while Y14M, Y14F and Y14M-F179W showed 4-7% conversions and

95-97% ee, of (R)-1-(4-benzyloxyphenyl)-2-nitroethanol respectively (Table 3.5 and 3.6).

Overall, the engineered AtHNL variants have demonstrated enhanced conversion and
enantioselectivity along with broad substrate scope in the synthesis of a broad range of (R)-B-
nitroalcohols. Therefore,While the two enzyme cascade produced only 1.5% conversion to (R)-1-
(4-benzyloxyphenyl)-2-nitroethanol, more than fourfold increased conversion was exhibited by

the Y14M.
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3.6. Conclusions

In this chapter, we aimed to uncover AtHNL variants that would efficiently catalyze
enantioselective nitroaldol reaction in the synthesis of (R)-B-nitroalcohols. We envisioned to find
variants with increased enantioselectivity, conversion and broad substrate selectivity than the wild
type AtHNL. Three AtHNL library of variants (F179, Y14 and F82 series) were investigated

towards promiscuous nitroaldol reaction in the synthesis of (R)-NPE.

The primary screening has highlighted several variants with >96% ee (F179A, F179H, F179C,
F179N, F179L, F179M, F179V, F179K, F179W, Y14K, Y14R), >95% ee (Y14F, F179S), >94%
ee (Y14C and Y14M) and a few with >33% conversion (Y14C, Y14F, and Y14A) as compared to
23% by the wild type AtHNL. From the screening study we could also observe that Phe82 is a
very crucial residue for not only retro-nitroaldolase activity but also for nitroaldolase activity of
AtHNL. The selected single variants were employed in the synthesis of various (R)-B-nitroalcohols
by nitroaldol reaction. For the first time engineered AtHNLs were used in exploring their
selectivity for a wide range of substrates by means of stereoselective Henry reaction. We have
tested engineered AtHNLs for five new substrates (trans cinnamaldehyde, 4-nitrobenzaldehyde,
2,4-dimethoxybenzaldehyde, 3,4,5-trimethoxybenzaldehyde and 4-benzyloxybenzaldehyde)
towards the promiscuous Henry reaction. Our investigation on the substrate scope of a dozen of
selected AtHNL variants to synthesize diverse (R)-p-nitroalcohols revealed that the substitution of
Phel79 with Trp and Asn, and Tyr14 with Phe and Met has improved the enzyme’s activity very
significantly. F179N variant has shown highest % ee and % conversion for the substrates:
benzaldehyde, 3-chlorobenzaldehyde and 3-methylbenzaldehyde in the synthesis of their
corresponding (R)-B-nitroalcohols. Similarly, F179W for trans cinnamaldehyde, Y14M for

benzaldehyde, 4-fluorobenzaldehyde and 4-benzyloxybenzaldehyde, and Y14F for 4-
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chlorobenzaldehyde, 4-nitrobenzaldehyde, 2,4-dimethoxy benzaldehyde, 4-methylbenzaldehyde,
3-methoxybenzaldehyde and 3,4,5-trimethoxybenzaldehyde as substrates in corresponding
nitroaldol synthesis. Y14M and F179N have shown >80% conversion along with >90% ee when
benzaldehyde was used as substrate. The double variant Y14M-F179W showed improved % ee
and % conversion for benzaldehyde, trans cinnamaldehyde, 4-chlorobenzaldehyde, 4-
nitrobenzaldehyde and 4-benzyloxybenzaldehyde. With AtHNL engineering, we efficiently
improved not only the substrate selectivity but also enantioselectivity for bulky substrates such as
trans cinnamaldehyde and 4-benzyloxybenzaldehyde towards stereoselective Henry reaction.
AtHNL engineering was also proven productive with other aromatic aldehydes containing single,
double and triple substitutions in the aromatic ring, substituents at different positions of aromatic
ring, and towards both electron-donating and withdrawing groups. Finally, in the present chapter
we successfully improved the efficiency of promiscuous Henry reaction using modified reaction
conditions as well as engineered AtHNLs. Our study uncovered AtHNL variants with expanded
substrate scope, improved the yield and enantioselectivity, which can be considered as better
biocatalysts towards stereoselective Henry reaction. Further investigations using molecular
docking and simulation studies on how the engineered enzymes improved the substrate, and
enantioselectivity towards Henry reaction may help us to understand the molecular basis of it and
may unravel the mechanism. This would provide even better scope to develop AtHNL variants as
a potent chiral catalysts to gain high enantioselectivity, yield in asymmetric synthesis of several

chiral B-nitroalcohols.
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Chapter 4. Development of a chemo-
enzymatic method for synthesis of a chiral

intermediate of (R)-Tembamide, using
engineered AdHNL
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4.1. Introduction

The chiral B-amino alcohols are an important class of compounds widely used in the synthesis of
several natural and synthetic biologically active molecules such as antibiotics, alkaloids, enzyme
inhibitors, and B-blockers'2. One of the most common methods to synthesize p-amino alcohols is
the reduction of B-nitroalcohols®. A few examples of different drug molecules and natural products,
which have this moiety in their structural backbone are discussed in section 1.5.2 of chapter 1
(Figure 1.3). These enantiopure drugs and biologically active molecules are very important in
health and medicinal arena due to their inherent therapeutic behavior of the individual enantiomers
of the drug that acts in the biological system. Among many potential drug intermediates, p-
anisaldehyde or 4-methoxybenzaldehyde is a widely used molecule in the pharmaceutical and food
industry. The optically pure B-nitroalcohol obtained from 4-methoxybenzaldehyde, i.e., (R)- 1-(4-
methoxyphenyl)-2-nitroethanol is an extensively used structural element seen in various drugs,
flavors and perfumes, making it more industrially significant and commercially important chiral
drug intermediate. One such drug is (R)-Tembamide, a naturally occurring B-hydroxyamide, which
is isolated from Fagara hyemalis (St. Hill) Engler, belongs to Rutaceae family*. This drug is used
in traditional Indian medications as a good control for hypoglycemia®®. Considering the
importance of (R)-Tembamide, we aimed to develop a simple and efficient chemo-enzymatic route
to synthesize the (R)-Tembamide drug intermediate i.e., (R)-2-amino-1-(4-methoxyphenyl)-2-
ethanol, which is an industrially significant active pharmaceutical ingredient (AP1)’. For the first
time, we synthesized the (R)-2-amino-1-(4-methoxyphenyl)-2-ethanol using nitroaldol reaction

(Scheme 4.1).
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Scheme 4.1: Chemo-enzymatic synthesis of (R)-Tembamide drug intermediate i.e., (R)-2-amino-

1-(4-methoxyphenyl)-2-ethanol using engineered AtHNL.

To achieve this objective, we used five successful AtHNL variants, i.e., F179W, F179N, Y14F,
Y14M and Y14M-F179W, selected based on their catalytic performance in the enantioselective
synthesis of diverse (R)-B-nitroalcohols from the previous chapter. For the first part of the reaction
of Scheme 4.1, i.e., towards the synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol, we used
125 U of each of the purified enzymes of F179W, F179N, Y14F, Y14M and Y14M-F179W along
with the wild type, to catalyze the coupling of 4-methoxybenzaldehyde with nitromethane. The
double variant, Y14M-F179W showed the highest % conversion (70) than others with > 99% ee
in the synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol. Subsequently, Y14M-F179W was
used in the preparative scale synthesis of (R)- 1-(4-methoxyphenyl)-2-nitroethanol, which was
further reduced to (R)-2-amino-1-(4-methoxyphenyl)-2-ethanol by HCOOH/Zn in methanol at

room temperature. Using a new, simple and efficient chemo-enzymatic route involving engineered
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AtHNL catalyzed nitroaldol reaction we have successfully synthesized the (R)-Tembamide drug
intermediate, i.e., (R)-2-amino-1-(4-methoxyphenyl)-2-ethanol, an industrially significant API

with high enantioselectivity and conversion.

4.2. Objectives

6. To develop analytical methods for chiral resolution of racemic 1-(4-methoxyphenyl)-2-

nitroethanol using HPLC chiral column.

7. To screen the selected variants of Y14 and F179 series in the enantioselective synthesis of (R)-

1-(4-methoxyphenyl)-2-nitroethanol.

8. To synthesize the (R)-Tembamide drug intermediate from (R)-1-(4-methoxyphenyl)-2-

nitroethanol.

4.3. Materials and methods

4.3.1. Chemicals and materials

AtHNL (UniProt accession ID: QILFT6) synthetic gene cloned in pET28a was obtained from
Abgenex Pvt. Ltd, India. Culture media and kanamycin were procured from HiMedia laboratory
Pvt. Ltd, India. Isopropyl-s-D-1-thiogalactopyranoside (IPTG) was purchased from BR-
BIOCHEM Pvt. Ltd, India. Chemicals such as aldehydes, nitromethane and mandelonitrile were
purchased from Sigma Aldrich, AVRA, SRL and Alfa-Aesar. HPLC grade solvents were obtained

from RANKEM, Molychem, FINAR, and SRL.
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4.3.2. Mutagenesis
4.3.2.1. Creation of SSM library at F179, and Y14
Site saturation and site directed mutagenesis was done as per the procedure described in section

2.3.3.1 in chapter 28. The primers employed in this work are mentioned Table 2.1.

4.3.2.2. Creation of AtHNL double variants
To prepare Y14M-F179W, PCR composition and conditions were maintained similar to that
described in 2.3.3.1 in chapter 2, Y14M plasmid was taken as template and forward and reverse

primers for F179W (Table 3.1) were used in the PCR.

4.3.3. Enzyme expression and purification
Expression and purification of AtHNL and its variants was performed as described in section 2.3.4

of Chapter 2.

4.3.4. HNL assay
The HNL assay of AtHNL and its variants was performed as described in section 3.3.4 of Chapter

3.

4.3.5. Synthesis of racemic 1-(4-methoxyphenyl)-2-nitroethanol

Racemic synthesis of 1-(4-methoxyphenyl)-2-nitroethanol was carried out by addition of 4-
methoxybenzaldehyde to nitromethane in 1:10 molar ratio in the presence of 5 mol% of Ba(OH).
as a catalyst as per the procedure described in the paper previously published from our lab®. Chiral
resolution of racemic 1-(4-methoxyphenyl)-2-nitroethanol was performed using Chiralpak® IB at
1 mL/min flow rate (Table 4.1; Figure 4.5). The analysis was performed at wavelength of 210

nm using n-hexane and 2-propanol as the mobile phase.
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4.3.6. AtHNL variant catalyzed synthesis of various (R)-1-(4-methoxyphenyl)-2-nitroethanol

using nitroaldol reaction

A reaction mixture of 125 units of purified variant enzymes with n-butyl acetate in equal v/v ratio
along with 1.75 M of nitromethane and 20 mM of 4-methoxybenzaladehdye were taken ina 2 mL
glass vial. The reaction conditions, protocols of aliquot taking, extraction and analysis are the same

as mentioned in section 3.3.6.

4.3.7. Preparative scale synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol

AtHNL-Y14M-F179W catalyzed preparative scale synthesis of (R)-1-(4-methoxyphenyl)-2-
nitroethanol was carried out using crude cell lysates. Ten mini preparative scale reactions each
containing 1000 U of Y14M-F179W cell lysate along with equal v/v of n-butyl acetate, 8.75 M of
nitromethane and 100 mM of 4-methoxybenzaladehdye were taken in a 50 mL round bottom flask,
stirred in a magnetic stirrer at 1200 rpm, 30 °C. At the end of 2 h, each reaction mixture was
extracted with 100 mL of diethyl ether, the organic layers collected were combined, dried over
anhydrous Na>SO4 and solvents were evaporated in a rotary evaporator. The product was analyzed
by chiral HPLC as per section 3.3.6. Column purification of the crude product was done using
hexane: ethyl acetate (90:10) to get pure (R)-1-(4-methoxyphenyl)-2-nitroethanol. The purified

product was confirmed by *H and **C NMR,

4.3.8. Preparative scale synthesis of (R)-Tembamide drug intermediate, i.e., (R)-2-amino-1-
(4-methoxyphenyl)-2-ethanol

A suspension of (R)-1-(4-methoxyphenyl)-2-nitroethanol (1 mmol) and activated zinc dust (2
mmol) in methanol (5 mL) was stirred with 90% formic acid at room temperature for overnight.

The catalyst was removed by filtration and the filtrate was extracted with diethyl ether'®. Further,
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it was washed with saturated sodium chloride and the organic layer was separated. This extraction
was done thrice and the combined organic layer subjected to acid-base extraction with 5% HCI
and 2M NaOH to remove side compounds other than amines. Finally, the obtained organic layer
was dried over anhydrous Na>SOs and concentrated to give the crude (R)-2-amino-1-(4-

methoxyphenyl) ethanol which was further confirmed by *H and **C NMR.

4.4. Results

4.4.1. NMR characterization of racemic 1-(4-methoxyphenyl)-2-nitroethanol
1-(4-methoxyphenyl)-2-nitroethanol®

IH NMR (500 MHz, CDCls) & 7.29 (dt, J = 8.6, 1.8 Hz, 2H), 6.89 (dt, J = 8.7, 1.6 Hz, 2H), 5.45 —
5.27 (m, 1H), 4.57 (ddt, J = 13.1, 9.7, 1.7 Hz, 1H), 4.45 (ddt, J = 13.2, 3.4, 1.7 Hz, 1H), 3.79 (t, J

=1.4 Hz, 3H); *C NMR (101 MHz, CDCls) § 160.04, 130.47, 127.38, 114.42, 81.40, 70.73, 55.42.
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Figure 4.1: *H NMR spectrum of 1-(4-methoxyphenyl)-2-nitroethanol.
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Figure 4.2: 3C NMR spectrum of 1-(4-methoxyphenyl)-2-nitroethanol.

4.4.2. Chiral resolution of racemic 1-(4-methoxyphenyl)-2-nitroethanol by HPLC

The racemic 1-(4-methoxyphenyl)-2-nitroethanol was resolved using Chiralpak® IB chiral
column using 1 mL/min flow rate at a wavelength of 210 nm (Table 4.1; Figure 4.5). For sample
preparation, 4 umol of the respective the racemic 1-(4-methoxyphenyl)-2-nitroethanol was
dissolved in the mobile phase (n-hexane and 2-propanol) and was used for chiral analysis. The
compound 1-(4-methoxyphenyl)-2-nitroethanol was initially run on 99:1 mobile phase ratio for 8
minutes to separate aldehyde and nitromethane peaks followed by 90:10 ratio to resolve both the

enantiomers.
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Table 4.1: HPLC conditions and retention time of 4-methoxybenzaldehyde and racemic 1-(4-

methoxyphenyl)-2-nitroethanol.

HPLC condition RT of

n-hexane: RT of aldehyde (min) | (R) and (S) BNAs

OH
R)\/NO2 2-propanol (v/v) (min)

4-methoxy Ph 99:1 for 8 minutes 12.1 19.7,21.1
followed by 90:10

- :“:ag:‘*’"-*'-**'““W~-Alﬁiehyde ® O -
2 -
; : 3 : .

)

Figure 4.3: HPLC spectrum of the standards: 4-methoxybenzaldehdye, (R)- and (S)- enantiomers
of 1-(4-methoxyphenyl)-2-nitroethanol.

4.4.3. AtHNL variant (125 U) catalyzed synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol

using nitroaldol reaction

The purified variants Y14F, Y14M, F179W, F179N and Y14M- F179W (125 U) along with the
wild type AtHNL were employed in the synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol
where 20 mM of 4-methoxybenzaldehyde and 1.75 M of nitromethane were used as the substrates.
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The % conversion and % ee obtained in each case is given in Figure 4.6, while, the HPLC

chromatograms are represented in Figure 4.7-4.13.
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Figure 4.4: AtHNL variants catalysed enantioselective synthesis of (R)-1-(4-methoxyphenyl)-2-

nitroethanol.
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Figure 4.5: HPLC spectrum of control reaction at 3 h where enzyme is replaced by 20 mM KPB
and 4-methoxybenzaldehyde was used as the substrate.
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Figure 4.6: HPLC spectrum of wild type AtHNL (125 U) catalyzed nitroaldol reaction showing

enantioselective synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol at 3 h.
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Figure 4.7: HPLC spectrum of F179N (125 U) catalyzed nitroaldol reaction showing

enantioselective synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol at 3 h.
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Figure 4.8: HPLC spectrum of F179W (125 U) catalyzed nitroaldol reaction showing

enantioselective synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol at 3 h.

218



e 21 BI0] Mten - Aragtte: oAl

_'* s o Aldehyde (R) (S)

v

g

g ¢ g 8 & £ 1
g B 8 5 § B i

3
H

BB

Figure 4.9: HPLC spectrum of Y14M (125' U) catalyzed nitroaldol reaction showing
enantioselective synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol at 3 h.
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Figure 4.10: HPLC spectrum of Y14F (125 U) catalyzed nitroaldol reaction showing
enantioselective synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol at 3 h.
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Figure 4.11: HPLC spectrum of Y14M-F179W (125 U) catalyzed nitroaldol reaction showing
enantioselective synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol at 3 h.
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4.4.4. Preparative scale synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol using Y14M-
F179W crude cell lysate

AtHNL-Y14M-F179W crude cell lysate (200 U) was employed to catalyze preparative scale
synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol (Figure 4.14), which subsequently scaled up
using 1000 U of the enzyme. Ten mini preparative scale reactions each containing 1000 U of
Y14M-F179W cell lysate were carried out and the product was analyzed by chiral HPLC is
represented in Figure 4.15. Column purification of the crude product was done using hexane: ethyl
acetate (90:10) to get pure (R)-1-(4-methoxyphenyl)-2-nitroethanol, which was further confirmed

by 'H and 3C NMR (Figure 4.16 — 4.18).
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Figure 4.12: HPLC spectrum of Y14M-F179W cell lysate (200 U) catalyzed nitroaldol reaction showing
enantioselective synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol at 2 h.
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Figure 4.13: HPLC spectrum of Y14M-F179W cell lysate (1000 U) catalyzed nitroaldol reaction

showing enantioselective synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol at 2 h.
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Figure 4.14: HPLC spectrum of Y14M-F179W cell lysate catalyzed preparative scale
enantioselective synthesis of (R)-1-(4-methoxy nitro phenyl) ethanol at 2 h after column

purification, >99 % ee.

NMR characterization of Y14M-F179W catalyzed synthesis of (R)-1-(4-methoxyphenyl)-2-

nitroethanol

IH NMR (500 MHz, CDCls) § 7.34 (dt, J = 8.6, 1.8 Hz, 2H), 6.91 (dt, J = 8.7, 1.6 Hz, 2H), 5.42 —
5.38 (m, 1H), 4.62 (ddt, J = 13.1, 9.7, 1.7 Hz, 1H), 4.49 (ddt, J = 13.2, 3.4, 1.7 Hz, 1H), 3.81 (t, J
= 1.4 Hz, 3H);33C NMR (101 MHz, CDCl3) 3 160.55, 130.81, 127.43, 114.84, 81.56, 70.97, 55.56.
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Figure 4.15: *H NMR spectrum of (R)-1-(4-methoxyphenyl)-2-nitroethanol.
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Figure 4.16: 3C NMR spectrum of (R)-1-(4-methoxyphenyl)-2-nitroethanol.

4.4.5. Preparative scale synthesis of (R)-Tembamide drug intermediate, i.e., (R)-2-amino-1-

(4-methoxyphenyl)-2-ethanol

The reduction of the nitro functionality of (R)-1-(4-methoxyphenyl)-2-nitroethanol by activated
zinc dust in methanol along with 90% formic acid has produced its corresponding amino product,
i.e., (R)-2-amino-1-(4-methoxyphenyl) ethanol which was confirmed with previous NMR reports’.

Figure 4.19 — 4.20 represents the crude *H and 3C NMR of the reduced product.

NMR characterization of (R)-2-amino-1-(4-methoxyphenyl) ethanol synthesized by our

chemo-enzymatic method

IH NMR (500 MHz, DMSO) & 7.25 (d, 2H), 6.90 (d, 2H), 5.75 (s, 1H), 4.42 (s, 1H), 3.73 (s,
3H),3.37-3.44 (m,2H),1.21-125 (s,2H); 3C NMR (101 MHz, DMSO) & 49.24, 55.01, 72.50,
113.40, 127.03, 130.02, 158.15.
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Figure 4.17: Crude *H NMR spectrum of (R)-2-amino-1-(4-methoxyphenyl) ethanol.

New folder (2).31.fid
BVP-7-11-Ami

158.15
— 130.0;
—127.03
113.40
72.50
—s55.01
— 492

F—

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 % 80 70 60 50 40 30 20 10 0 -10
1 (ppm)

Figure 4.18: Crude **C NMR spectrum of (R)-2-amino-1-(4-methoxyphenyl) ethanol.
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4.5. Discussion

4.5.1. AtHNL variants (125 U) catalyzed synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol

using nitroaldol reaction

Purified AtHNL variants, F179W, F179N, Y14F, Y14M and Y14M-F179W, selected based on our
previous study were employed in the enantioselective synthesis of (R)-1-(4-methoxyphenyl)-2-
nitroethanol aiming to achieve high conversion and enantioselectivity. Earlier, Asano et al.
synthesized (R)-1-(4-methoxyphenyl)-2-nitroethanol using wild type AtHNL, however, the
conversion was only 2% with 79% ee at 2 h'!. Yu et al. explored ST0779 in the synthesis of (R)-
1-(4-methoxyphenyl)-2-nitroethanol from 4-methoxybenzaldehyde using promiscuous Henry
reaction which took long reaction time (72 h) for its catalysis to obtain 32% conversion with 86%
ee using 20 mg of enzyme®?. Asymmetric reduction of corresponding o-nitroketone by RasADH
has demonstrated in the synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol in 99% conversion
and 99% ee'®. The starting material a-nitroketone however requires additional steps to synthesize.
Wild type AtHNL catalyzed retro-Henry reaction using racemic 1-(4-methoxyphenyl)-2-
nitroethanol as substrate was reported to show only 44% ee and 41% conversion of the

corresponding (S)- product at 6 h indicating very poor selectivity?.

In our study to synthesize (R)-1-(4-methoxyphenyl)-2-nitroethanol using promiscuous Henry
reaction, wild type AtHNL showed 47% conversion and 98% ee, while other single variants
(F179N, F179W, Y14M and Y14F) showed 51-56% conversions with 96-99% ee in 3 h. The
double variant, Y14M-F179W showed the highest, 70% conversion among others with > 99% ee
in the synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol (Figure 4.6-4.13). Finally, the double

variant Y14M-F179W was chosen for further experimental studies.
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4.5.2. Preparative scale synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol using Y14M-
F179W crude cell lysate followed by synthesis of (R)- Tembamide drug intermediate, i.e.,
(R)-2-amino-1-(4-methoxyphenyl)-2-ethanol

Use of crude cell lysates in biocatalysis is often preferred, especially for preparative as well as
industrial scale synthesis. This is because use of crude cell lysates in biocatalysis is economical
than the purified enzymes. AtHNL-Y14M-F179W crude cell lysate (200 U) catalyzed preparative
scale synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol has resulted in 70 % conversion and
99% ee (Figure 4.14). Further, the biotransformation was carried out with 1000 U of crude cell
lysate, before using higher scale of enzyme. Subsequently, ten mini preparative scale reactions
each containing 1000 U of Y14M-F179W cell lysate were carried out. The final product after
column purification was found to have 99% ee, and 65.4% isolated yield (Figure 4.15). The

product was confirmed by H and **C NMR (Figure 4.16 — 4.18).

From the literature analysis, it is very evident that there exists many approaches to synthesize
various B-amino alcohols, which are the main precursors of p-hydroxyamides’ 4>, These f-amino
alcohols have been prepared through microbial reduction of a-azido and a-bromoketones or a-
tosyloxyketones or lipase-mediated resolution of a-azidoalcohols'®?. Few are reported with a
multi-step syntheses using optically active cyanohydrins as starting materials®. For the first time,
we explored the promiscuous nitroaldol reaction in the chemoenzymatic synthesis of a -amino
alcohol, where 4-methoxybenzladehyde was used as the starting material. A direct coupling of 4-
methoxybenzladehyde with nitromethane in the presence of engineered AtHNL produced the
corresponding, B-nitroalcohol in an atom economy approach. A simple reduction of the nitro group
of the B-nitroalcohol was exploited to give B-amino alcohol as the final product. The current study

has identified the double variant AtHNL- Y14M-F179W, which produced (R)-1-(4-

225



methoxyphenyl)-2-nitroethanol in 99% ee, and 65.4% isolated yield and its reduced product (R)-
2-amino-1-(4-methoxyphenyl) ethanol, an intermediate of (R)-Tembamide in 99% ee, and 58%

isolated yield.

4.6. Conclusions

A new, simple and efficient chemo-enzymatic route involving nitroaldol reaction was applied in
the synthesis of (R)-Tembamide intermediate, i.e., (R)-2-amino-1-(4-methoxyphenyl)-2-ethanol,
which is an industrially significant active pharmaceutical ingredient. This involved a two-step
process, first an enzymatic synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol by AtHNL double
variant Y14M-F179W, followed by a chemical reduction of the product. Among the different
enzymes studied that includes the wild type, single variants, and the double variant, the latter has
shown the highest conversion (70%) with >99% ee. This biocatalytic reaction involved
enantioselecive C-C bond formation between 4-methoxybenzaldehdye and nitromethane catalyzed
by an engineered enzyme. This approach besides using an atom efficient process, also uses
substrates that are readily available, and hence avoids additional chemical synthesis steps as
required by other approaches. The biocatalytic reaction product, i.e., (R)-1-(4-methoxyphenyl)-2-
nitroethanol was simply reduced to (R)-2-amino-1-(4-methoxyphenyl)-2-ethanol using
HCOOH/Zn in methanol at room temperature. In our study, we have successfully combined an
engineered AtHNL along with chemical catalyst to efficiently synthesize the (R)-Tembamide drug
intermediate, i.e., (R)-2-amino-1-(4-methoxyphenyl)-2-ethanol in a preparative scale with > 99%
ee and 58% isolated yield of the product. This chiral intermediate is the precursor, which can be

used to synthesize (R)-Tembamide in a large scale with subsequent organic synthesis approaches.

4.7. References

(1) Gupta, P.; Mahajan, N. Biocatalytic Approaches towards the Stereoselective Synthesis of

226



)

©)

(4)

(5)

(6)

(7)

Vicinal  Amino Alcohols. New J. Chem. 2018, 42 (15), 12296-12327.

https://doi.org/10.1039/c8nj00485d.

Ager, D. J.; Prakash, I.; Schaad, D. R. 1,2-Amino Alcohols and Their Heterocyclic
Derivatives as Chiral Auxiliaries in Asymmetric Synthesis. Chem. Rev. 1996, 96 (2), 835—

875. https://doi.org/10.1021/cr9500038.

Milner, S. E.; Moody, T. S.; Maguire, A. R. Biocatalytic Approaches to the Henry (
Nitroaldol ) Reaction. European J. Org. Chem. 2012, 3059-3067.

https://doi.org/10.1002/ejoc.201101840.

S. M. Albodnico, A. M. K. and V. D. Tembamide from Fagara Hyema/Is (St. Hill.) Engler.

J. Chem. Soc. C Org. 1967, 1327-1328.

Brown, R. F. C.; Donohue, A. C.; Jackson, W. R.; McCarthy, T. D. Synthetic Applications
of Optically Active Cyanohydrins. Enantioselective Syntheses of the Hydroxyamides
Tembamide and Aegeline, the Cardiac Drug Denopamine, and Some Analogues of the
Bronchodilator Salbutamol. Tetrahedron 1994, 50 (48), 13739-13752.

https://doi.org/10.1016/S0040-4020(01)85686-6.

Brown, R. F. C.; Jackson, W. R.; McCarthy, T. D. The Synthesis of Homochiral Naturally
Occurring Hydroxy Amides. Tetrahedron: Asymmetry 1993, 4 (2), 205-206.

https://doi.org/10.1016/S0957-4166(00)82338-1.

Tae Cho, B.; Kyu Kang, S.; Hye Shin, S. Application of Optically Active 1,2-Diol
Monotosylates for Synthesis of f-Azido and f-Amino Alcohols with Very High
Enantiomeric Purity. Synthesis of Enantiopure (R)-Octopamine, (R)-Tembamide and (R)-
Aegeline. Tetrahedron Asymmetry 2002, 13 (11), 1209-1217.

227



(8)

(9)

(10)

(11)

(12)

(13)

(14)

https://doi.org/10.1016/S0957-4166(02)00322-1.

Vishnu Priya, B.; Sreenivasa Rao, D. H.; Gilani, R.; Lata, S.; Rai, N.; Akif, M.; Kumar
Padhi, S. Enzyme Engineering Improves Catalytic Efficiency and Enantioselectivity of
Hydroxynitrile Lyase for Promiscuous Retro-Nitroaldolase Activity. Bioorg. Chem. 2022,

120 (January), 105594, https://doi.org/10.1016/j.bioorg.2021.105594.

Rao, D. H. S.; Padhi, S. K. Production of (S)-p-Nitro Alcohols by Enantioselective C—C
Bond Cleavage with an R-Selective Hydroxynitrile Lyase. ChemBioChem 2019, 20 (3),

371-378. https://doi.org/10.1002/cbic.201800416.

Channe Gowda, D.; Mahesh, B.; Gowda, S. Zinc-Catalyzed Ammonium Formate
Reductions: Rapid and Selective Reduction of Aliphatic and Aromatic Nitro Compounds.

Indian J. Chem. - Sect. B Org. Med. Chem. 2001, 40 (1), 75-77.

Fuhshuku, K. I.; Asano, Y. Synthesis of (R)-Beta-Nitro Alcohols Catalyzed by R-
Selective Hydroxynitrile Lyase from Arabidopsis Thaliana in the Aqueous-Organic

Biphasic System. J. Biotechnol. 2011, 153 (3—-4), 153-159.

Yu, X.; Pérez, B.; Zhang, Z.; Gao, R.; Guo, Z. Mining Catalytic Promiscuity from:
Thermophilic Archaea: An Acyl-Peptide Releasing Enzyme from Sulfolobus Tokodaii

(STO779) for Nitroaldol Reactions. Green Chem. 2016, 18 (9), 2753-2761.

Wang, Z.; Wu, X.; Li, Z.; Huang, Z.; Chen, F. Ketoreductase Catalyzed Stereoselective

Bioreduction of a-Nitro Ketones. Org. Biomol. Chem. 2019, 17 (14), 3575-3580.

Sadyandy, R.; Fernandes, R. A.; Kumar, P. An Asymmetric Dihydroxylation Route to ( R

) - (-) -Octopamine ,(R) - (-) -Tembamide and ( R ) - (-) -Aegeline.2005,2005(iii),36-43.

228



(15)

(16)

A7)

(18)

(19)

(20)

(21)

Kamal, A.; Shaik, A. A.; Sandbhor, M.; Malik, M. S. Chemoenzymatic Synthesis of (R ) -
and ( S) -Tembamide , Aegeline and Denopamine by a One-Pot Lipase Resolution

Protocol. 2004, 15, 3939-3944. https://doi.org/10.1016/j.tetasy.2004.11.013.

Arnold, W. A Catalytic Enantioselective Synthesis of Denopamine , a Useful Drug for

Congestive Heart. 1991, No. 5, 442-444.

Cho, B. T.; Yang, W. K.; Choi, O. K. Convenient Synthesis of Optically Active 1,2-Diol

Monosulfonates and Terminal Epoxides. 2001, No. Scheme 1.

Corey, E. J.; Helal, C. J. Remarkable Advances in Catalytic Methods for Enantio-
Selective Synthesis of Chiral Organic Molecules Have Chemistry . Great Progress Has
Been Made Not Only in Reduction of Carbonyl Compounds with Chiral Oxazaborolidine
Catalysts : A New Paradigm for Enantioselective Catalysis and a Powerful New Synthetic

Method **.

Yadav, J. S.; Reddy, P. T.; Nanda, S.; Bhaskar Rao, A. Stereoselective Synthesis of (R)-(-
)-Denopamine, (R)-(-)-Tembamide and (R)-(-)-Aegeline via Asymmetric Reduction of
Azidoketones by Daucus Carota in Aqueous Medium. Tetrahedron Asymmetry 2002, 12

(24), 3381-3385. htps://doi.org/10.1016/S0957-4166(02)00024-1.

Goswami, J.; Bezbaruah, R. L.; Goswami, A.; Borthakur, N. A Convenient Stereoselective

Synthesis of (R ) - (—) -Denopamine and (R ) - (—) -Salmeterol. 2001, 12, 3343-3348.

Fardelone, C.; Rodrigues, J. A. R.; Moran, P. J. S. Bioreduction of 2-Azido-1-
Arylethanones Mediated by Geotrichum Candidum and Rhodotorula Glutinis. 2006, 39,

9-12. https://doi.org/10.1016/j.molcatb.2006.01.015.

229



Chapter S: Conclusions and future
prospects

230



The increasing applications of protein engineering in the recent times has established it as an
inevitable tool in the field of biocatalysis. It has gained huge importance in industries, where it is
employed as a crucial technique to tailor natural enzyme. Altering wild type enzymes often
produces potential biocatalysts with a wide range of desirable properties, suitable for industrial
application. In the current study, protein engineering was utilized as the key tool on a
hydroxynitrile lyase (HNL) to achieve desired biocatalytic properties, such as increased
enantioselectivity, conversions, stability, selectivity and tolerance of broad substrate while
catalyzing a promiscuous reaction. HNL catalyzed biocatalysis is known to produce a wide range
of enantiopure chiral products, which are highly valuable in the global market. They are diverse
enzymes with respect to their source, sequence, structural fold and catalytic site. Despite of such
natural diversity, their application in biotechnology industry is restricted due to several limitations
such as poor enantioselectivity, limited yield and not being evolved to accept unnatural substrates.
HNL engineering is the best solution to overcome such limitations and to evolve as an efficient
biocatalyst in the synthesis of several enantiopure chiral molecules. Here, we have tried to
synthesize enantiopure B-nitroalcohols using the promiscuous Henry (nitroaldol) and retro-Henry
(retro-nitroaldol) reactions using engineered HNL. These enantiopure B-nitroalcohols are chiral
drug intermediates, which have diverse applications in pharmaceutical, agrochemical, and
cosmetic industries. HNL catalyzed stereoselective synthesis of chiral B-nitroalcohols is
considered to be one of the most predominant methods among other biocatalytic approaches. It is
because, Henry reaction involves a direct C-C bond formation reaction, an atom economy
approach, and does not require addition steps of substrate synthesis. Further, one could access to
enantiocomplementary B-nitroalcohols using HNL catalysed Henry and retro-Henry reactions. To

date, AtHNL is the only (R)-selective HNL reported in both enantioselective cleavage (retro-
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nitroaldol) and synthesis (nitroaldol) of chiral B-nitroalcohols. It doesn’t require any cofactor for
its catalysis unlike other (R)-selective HNLs, GtHNL and AcHNL. The aim of the thesis was to
engineer AtHNL in order to overcome the limitations associated with the promiscuous
nitroaldolase and retro-nitroaldolase activity of the wild type enzyme. We observed enhanced
promiscuous retro- nitroaldolase activity of AtHNL by protein engineering. The limitations such
as low enantioselectivity, poor yield, and narrow substrate scope in the enantioselective synthesis
of B-nitroalcohols are resolved using AtHNL engineering. Using engineered AtHNL catalyzed
nitroaldol reaction, we developed a new chemo-enzymatic method to synthesize a chiral

intermediate of (R)-Tembamide, i.e., (R)-1-(4-methoxyphenyl)-2-nitroethanol.

In order to to improve the catalytic efficiency of AtHNL’s retro-nitroaldolase activity, we
engineered AtHNL by altering residues in its binding site. Separate kinetic studies of the wild type
AtHNL with the promiscuous substrate 2-nitro-1-phenylethanol (NPE) and mandelonitrile (MN)
revealed that former has higher binding affinity than MN. To explore this differential binding
affinity of the two substrates, we docked both (R)-MN and (R)-NPE into the active site of AtHNL
separately and identified three residues in the binding site (Phe82, Phel79, and Tyrl4). Site
saturation mutagenesis (SSM) was performed at positions Phel79, and Tyrl4; while a smart
library was created at Phe82 by replacing it with polar amino acids. In case of F179A, we observed
~12 fold increased retro-nitroaldolase selectivity over cyanogenesis. Further, replacing Phe82 by
polar residues has resulted in drastic decrease of the retro-nitroaldolase activity, which indicates

that Phe82 is crucial for the concerned catalysis.

Study of retro-nitroaldolase activity using NPE as substrate has disclosed nearly a dozen of
variants in the Phe179 and Tyr14 series that exhibited more than a two-fold increased activity than

the wild type (WT). The variants showing higher retro-nitroaldolase activity than the WT were
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kinetically characterized. Kinetics analysis of fourteen selected variants has revealed that eight
(F179M, F179N, F179W, F179T, F179V, F179I1, Y14L and Y 14M) of them have greater Vmaxand
Kcat than the WT, while F179N is the only one that showed a lower Km (0.006£0.0004 mM) apart
from greater Vmax (1.91+0.02 U/mg) and Keat (53.34+0.65 min~t). The catalytic efficiency (Kcat/Kwm)
of the F179N was found to be ~2.4 fold greater than the WT. Selected variants from NPE cleavage
study were also explored for enantioselective preparation of (S)-NPE. Two variants, F179V, and
F179N, have shown greater E than the WT. In the case of F179N, the E value was found to be
137.6, which is ~1.7 fold more than the WT. Three double variants, F82A-F179N, F82A-F179V
and F82A-F179W, created by addition of mutations based on lower Km and higher keat for retro-
nitroaldolase activity, showed poor catalytic efficiency than the WT. Docking of both enantiomers
of NPE with the WT and mutants illustrated higher negative binding energy in the case of F179N
with the (R)-NPE than the (S). Catalytic active site conformation could not be achieved in the case
of WT and F179N with (S)-NPE, which explains the higher enantioselectivity of F179N towards
retro-nitroaldol reaction. The enzyme-substrate interaction plots (PyMol) have supported the
strong substrate binding by the F179N and a better orientation of the substrate in the active site of
F179N, which is similar with the data observed from kinetics. These results from the computation
studies may attribute towards its higher catalytic efficiency of F179N.

Molecular dynamics simulation study on structural stability of the docked complexes on a 50 ns
time scale has revealed higher stability by the F179N complex than the WT beyond 25 ns. The
RMSF calculations along with inter-atomic positions of C, atoms of the catalytic triads have
suggested higher flexibility in the case of F179N, which supports its efficient catalysis. MMPBSA
calculations showed the higher negative binding free energy in the case of F179N-(R)-NPE

complex compared to the WT. This observation further supports our experimental low Ky by the
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F179N for NPE. Based on the interactions between (R)-NPE and AtHNL wild type at different
time intervals from the MDS study, a plausible retro-nitroaldol mechanism was proposed. Finally,
a preparative scale synthesis of (S)-NPE using crude cell lysates of F179N under optimized
conditions was performed where the (S)-NPE was produced in 93% ee, and 48.6% isolated yield
including ~20% ethyl acetate impurity.

To address the second objective where we intended to improve the biocatalytic properties of
AtHNL towards its promiscuous nitroaldolase activity, we initially explored the three saturation
libraries that were exploited in our previous study. In this study our main focus was to overcome
several of AtHNL’s limitations, i.c., improve its yield, enhance its enantioselectivity and also to
expand its substrate scope for diverse aromatic aldehydes using engineered AtHNLs. As a part of
it, the primary screening of the three saturation libraries revealed several variants with >96% ee
(F179A, F179H, F179C, F179N, F179L, F179M, F179V, F179K, F179W, Y14K, Y14R), >95%
ee (Y14F, F179S), >93% ee (Y14C and Y14M) and a few with >33% conversion (Y14C, Y14F,
and Y14A) as compared to the WT, in the nitroaldol reaction. We could also observe from this
screening study that Phe82 is a very crucial residue for not only retro-nitroaldolase activity but
also for nitroaldolase activity of AtHNL. Based on the screening outcome, F179H, F179N, F179L,
and F179W from the F179 saturation library and Y14A, Y14C, Y14F, Y14M, Y14G, Y14L and
Y14T from the Y14 saturation library were employed in the synthesis of various (R)-B-
nitroalcohols. For the first time engineered AtHNLs were exploited in exploring their selectivity
for a wide range of substrates towards stereoselective Henry reaction. The engineered AtHNLs
showed high enantioselectivity towards the synthesis of (R)-p-nitroalcohols of five aldehydes,
trans cinnamaldehyde, 4-nitro benzaldehyde, 2,4-dimethoxy benzaldehyde, 3,4,5-trimethoxy

benzaldehyde and 4-benzyloxy benzaldehyde. Our study of the substrate scope of dozen of
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selected AtHNL variants in the synthesis of diverse (R)-p-nitroalcohols revealed that the variants
F179N, F179W, Y 14M and Y 14F have improved the enzyme’s activity very significantly. F179N
variant has shown highest % ee and % conversion in the (R)-B-nitroalcohol synthesis for the
substrates: benzaldehyde, 3-chlorobenzaldehyde and 3-methylbenzaldehyde, F179W for trans
cinnamaldehyde, Y14M for benzaldehyde, 4-fluorobenzaldehyde and 4-benzyloxybenzaldehyde
and Y14F for 4-chlorobenzaldehyde, 4-nitrobenzaldehyde, 2,4-dimethoxy benzaldehyde, 4-
methylbenzaldehyde, 3-methoxybenzaldehyde and 3,4,5-trimethoxybenzaldehyde. Y14M and
F179N have shown > 80% conversion along with 93-97% ee in the synthesis of (R)-NPE. The
double variant Y14M-F179W showed improved % ee and % conversion in synthesis of (R)-f-
nitroalcohol of benzaldehyde, trans cinnamaldehyde, 4-chlorobenzaldehyde, 4-nitrobenzaldehyde
and 4-benzyloxybenzaldehyde. We found AtHNL variants that improved the selectivity towards
bulky substrates such as trans cinnamaldehyde and 4-benzyloxybenzaldehyde. The AtHNL
engineering was also proven productive with several aromatic aldehydes containing single, double
and triple substitutions in the aromatic ring, substituents at different positions of aromatic ring,
and both electron-donating and withdrawing groups, as substrates in the chiral B-nitroalcohol
synthesis. Finally, in this objective we successfully improved the promiscuous Henry reaction
activity by several engineered AtHNLSs using modified biocatalytic conditions. We have uncovered
AtHNL variants that broadened the substrate scope, effectively improved the yield and

enantioselectivity towards stereoselective Henry reaction.

To achieve the final objective of the thesis, a new, simple and efficient chemo-enzymatic route
involving nitroaldol reaction was developed to synthesize a chiral intermediate of (R)-Tembamide,
i.e., (R)-2-amino-1-(4-methoxyphenyl)-2-ethanol, which is an industrially significant active

pharmaceutical ingredient. We envisioned to achieve this in a two-step process, first an enzymatic
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synthesis of (R)-1-(4-methoxyphenyl)-2-nitroethanol, followed by a chemical reduction of the
product. For the first reaction, we exploited engineered AtHNL variants (F179W, F179N, Y14F,
Y14M and Y14M-F179W) selected from the previous study, where they were employed in the
enantioselective synthesis of diverse (R)-B-nitroalcohols. The double variant Y14M-F179W
showed the highest % conversion (70%) than others with 99% ee in the synthesis of (R)-1-(4-
methoxyphenyl)-2-nitroethanol. Further, this product was reduced to (R)-2-amino-1-(4-
methoxyphenyl)-2-ethanol using a simple HCOOH/Zn in methanol at room temperature. We
successfully made a cleaner and greener combination of an engineered AtHNL along with a
chemical catalyst to efficiently synthesize the (R)-Tembamide drug intermediate, i.e., (R)-2-
amino-1-(4-methoxyphenyl)-2-ethanol in a preparative scale with 99% ee and 58% isolated yield

of the product.

Future prospects:

e In the present study, we have demonstrated the AtHNL variants catalyzed retro-Henry
reaction in the preparation of (S)-NPE using benzaldehyde as the substrate. The engineered
AtHNLs can be exploited to prepare diverse (S)-p-nitroalcohols, which extends the
application of the method and the biocatalysts.

e We investigated AtHNL variants in the efficient synthesis of a number of (R)-B-
nitroalcohols using Henry reaction. A computation study involving molecular docking and
simulations and crystallographic studies of engineered enzymes with different substrates,
would reveal the molecular binding and interactions involved and may unravel the
mechanism too.

e In this study, AtHNL engineering was done to improve both Henry and retro-Henry

reactions, which are promiscuous in nature. These AtHNL saturation library variants can
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also be explored in the synthesis of a wide range of enantiocomplementary synthesis of
chiral cyanohydrins using their natural cyanogenesis and synthesis reactions. They could
also be investigated towards other promiscuous reactions using carbon nucleophiles other
than nitroalkanes.

The engineered AtHNLs can be exploited in related cascades and chemo-enzymatic
syntheses to produce chiral molecules of chemical diversity.

Our chemo-enzymatic method of synthesis of (R)-Tembamide drug intermediate, i.e., (R)-
2-amino-1-(4-methoxyphenyl)-2-ethanol can be scaled up and extended to large-scale
preparation of (R)-Tembamide, which is reported as a good control for hypoglycemia.
Another future prospect of this study is to synthesize (S)-Tembamide, which is known for
its anti-HIV activity. It can be synthesized by replacing AtHNL variant catalyzed nitroaldol
reaction with retro-nitroaldol reaction in the first step of the chemo-enzymatic process,

while the subsequent steps can be similar to that used in the synthesis of (R)-Tembamide.
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