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Abstract: To support perfumers in their creation of olfactive signatures resulting in unique and instantly recog-
nizable perfumes, there is a constant demand for the development of new odorant molecules and of novel
processes for their production. Increasing the sustainability of both the molecules and the processes is a
crucial activity at Givaudan. Biocatalysis has the potential to positively influence metrics applied at Givaudan
that drive and measure our ambition to innovate responsibly, which is summarized in the FiveCarbon Path™.
It targets an increased use of renewable carbon, carbon efficiency in synthesis, and the production of powerful
and biodegradable odorant molecules while maximizing the use of upcycled carbon available from waste and
side streams. This review illustrates with some examples how enzymes selected from the oxidoreductase and
isomerase enzyme classes are applied at Givaudan for the preparation of odorant molecules both at laboratory
and industrial scale.
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1. Introduction
Natural as well as synthetic odorant molecules play a starring

role in some of the world’s most famous perfumes and appear in
many much-loved consumer products, from laundry detergents to
shampoos. At Givaudan, the development of new odorant mole-
cules and novel processes to access them allows the perfumers to
create olfactive signatures resulting in unique and instantly recog-
nizable perfumes.

Increasing the sustainability of Givaudan’s palette of odorant
molecules has become a crucial activity over the last decade to
keep perfumery creation relevant and to meet consumers’ future
expectations. To drive and measure our approach to innovating
responsibly, Givaudan has launched the FiveCarbon PathTM (Fig.
1). Odorant molecules may contain only a few heteroatoms,
and the skeletons are predominantly built from carbon atoms.
Consequently, we have to ensure that we use today’s carbon sourc-
es wisely. Our ambition for developing sustainable molecules and
processes, therefore, focuses on five measurable dimensions: (1)
increasing the use of renewable carbon, (2) increasing carbon ef-
ficiency in synthesis, (3) maximizing biodegradable carbon, (4)
increasing the ‘odour per carbon ratio’ with high-impact materi-
als, and (5) using upcycled carbon from side streams.

Each petal of Givaudan’s FiveCarbon PathTM flower represents
one sustainability dimension. Whilst two of the petals are related
to the intrinsic properties of odorant molecules being biodegrad-
able and performing, three petals are linked to the development
of efficient processes according to green chemistry principles.[1]

At Givaudan, we see biotechnology as one of the crucial tools
that enables us to transform our palette and deliver on our ambi-
tion. Whilst as illustrated by Domínguez de María biotechnolo-
gy is not per se sustainable,[2] both fermentative processes and
biocatalysis have the potential to positively influence the metrics
used to assess each of the five petals of our FiveCarbon PathTM.
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substrates for the industrial production of commercially relevant
cyclic terpenoids and derivatives.

In the fragrance industry (–)-ambrox (2) (Fig. 2), with its
characteristic and memorable ambery and woody odour reminis-
cent of tobacco and clary sage, is one of the most widely used
biodegradable fragrance ingredients. We developed an industrial
process for its production as AmbrofixTM through a single-step
cyclization of (E,E)-homofarnesol, a substrate resulting from a
C

1
-elongation of farnesene (C

15
).[23,24]This new process is of sig-

nificantly improved carbon efficiency compared to the original
processes producing (–)-ambrox (2) in a multistep synthesis from
the diterpene sclareol (C

20
)[25,26] currently isolated from clary sage

(Salvia sclarea). Random mutagenesis evolution resulted in SHC
enzyme variants able to cyclize up to 300 g/l (E,E)-homofarnesol
in three days in whole cell bioconversion systems with a cells-to-
substrate ratio of 1:1 (Scheme 1).[27,28]

The example of AmbrofixTM demonstrated for the first time
that by taking advantage of their promiscuity, plasticity, and the
possibility to be evolved, SHC enzymes can be turned into biocat-
alysts applicable at an industrial scale. In addition, wewere able to
show at a laboratory scale that SHC enzymes can be used for the
production of other odorant molecules or intermediates (Fig. 2).

The A. acidocaldarius variants created through random mu-
tagenesis and screened for improved (E,E)-homofarnesol cycliza-
tion to (–)-ambrox also proved to be robust biocatalysts for ambra
oxide (3) production.[28]Thewhole cell reaction systems developed
converted 125 g/l (E,E)-bishomofarnesol with a cells-to-substrate
ratio of 2:1 in 2 days depending on the SHC variant considered.

The fragrance ingredient Grisalva (4) is described as having
ambery, animalic and leathery odour notes. Some of the variants
that can efficiently produce (–)-ambrox (2) also showed an up to
8-fold increased (E,E)-ethylhomofarnesol cyclization to Grisalva
(4) compared to the parent wild-type enzyme.[29]

To extend the substrate scope, we also demonstrated that SHC
enzymes are applicable for the production of 2-oxygenated decal-
ins. These compounds can be used as fragrance molecules direct-
ly, or serve as intermediates in the synthesis of other fragrance
ingredients.[30] In contrast to chemical cyclization methods that
require harsh and highly acidic conditions, SHC enzymes allow
for the production of 2-oxygenated decalins using milder reac-
tion conditions and more control over the resulting stereo- and/or
regioisomers. The reaction proceeds possibly via the formation
of a secondary or vinylic carbocation, depending on the starting
material used (alkene or alkyne), which reacts with water to form

With regard to increasing the renewability of our odorant mol-
ecules, the numerous advances in the field led to the develop-
ment of fermentative processes at an industrial scale producing,
for example, terpene mixtures similar to essential oils or single
molecules such as renewable farnesene, which can then be trans-
formed further into odorant molecules.[3] The ‘odour per carbon’
ratio, on the other hand, and thus the creation of powerful odorant
molecules can be influenced by using enzymes that allow us to
access the most performing isomer selectively. This performance
is linked to the perceived or measurable intensity, evaluated e.g.
in terms of bloom, strength, odour threshold, or long-lastingness
over time of the single isomers of an odorant molecule vs. the
isomeric mixture. Consequently, perfumers can use less material
to achieve a similar olfactive effect in their creations. A further
critical aspect to reducing the environmental impact is the de-
velopment of efficient processes for the production of odorant
molecules. Again, using biotechnology can help to reduce waste
generation, reduce energy consumption, or increase the use of
green solvents.[4]

In the following sections, we illustrate with some examples
how Givaudan has successfully applied enzymes selected from
specific enzyme classes to biocatalytic processes for the prepara-
tion of odorant molecules.

2. Squalene-Hopene Cyclases
Squalene-hopene cyclase (SHC) enzymes transform the C

30
terpene squalene into the pentacyclic product hopene (1) via a
cationic polycyclization involving five C–C bond formations
(Fig. 2). This remarkable step in triterpenoid synthesis occurs via
a Brønsted acid-catalyzed mechanism[5,6] with initial protonation
of the C=C double bond of the terminal isoprene unit. The fact
that these enzymes, unlike other terpene cyclases, do not require
a phosphorylated precursor has attracted the attention of chemists
and biochemists for several decades.

The prokaryotic SHC prototype was isolated from
Alicyclobacillus acidocaldarius and characterized almost forty
years ago in 1986.[7,8] Although intended for the cyclization of
squalene to hopene (1) to rigidify the membrane of the thermo-
philic bacterium A. acidocaldarius, the observations that it could
also cyclize molecules ranging from C

10
monoterpenoids to C

35
squalene analogues[5–7,9–11] suggested that SHC enzymes could
accommodate substrates distantly related in structure.

Since then, the enzyme has been heterologously produced
in E. coli[12,13] allowing for mutagenesis studies,[14,15] which, to-
gether with the determination of its crystal structure in 1997[16,17]
unveiled its reaction mechanism. In addition, new members of
the SHC enzyme family were discovered, some of them charac-
terized in detail, enlarging the genetic diversity of available SHC
enzymes.[18–21]At the same time, their plasticity and availability to
be evolved was demonstrated.[22]All this set the basis for evolving
SHC enzymes, be it by means of directed evolution or rational
design, towards the cyclization of natural and unnatural target

Fig. 1. Givaudan’s FiveCarbon PathTM

Fig. 2. Products of Squalene-hopene cyclase-catalyzed reactions start-
ing from linear building blocks A. Hopene (1), (–)-ambrox (2), ambra
oxide (3), Grisalva (4), intermediates to fragrance compounds (5 and 6).
The dotted line with the C–C bond represents either a C=C double bond
or a C≡C triple bond.
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catalysts in multi-enzyme cascades, as well as in chemoenzymatic
systems, photoenzymatic, photoelectrochemical, and radical-me-
diated processes, was recently reviewed.[50]

Ene reductases are in great demand in the pharmaceutical in-
dustry due to intrinsic properties such as their excellent stereo- and
regioselectivity. With regard to applications for odorant molecules
(Fig. 3), an ERED isolated from aKazachstania exigua yeast strain
was recently described, which reduces the monocyclic b-ionone
to dihydro-b-ionone (7).[43]Another ene reductase acting on large
monocyclic C

12
to C

15
-membered ring enones isolated from the

yeast-like fungus Sporidiobolus salmonicolor was character-
ized,[51] which catalyzes the asymmetric reduction of the b-methyl
substituted C

15
ring enone to Muscone (8) (Fig. 3). Several EREDs

of the Old Yellow Enzyme family reduce (E/Z)-citral producing
both enantiomers of citronellal (9) (Fig. 3) in excellent ee val-
ues,[41] which can then be transformed into isopulegol, an inter-
mediate in the synthesis of menthol, upon cyclization with SHC
variants.[52–54] An ERED-based biocatalytic process was recently
described for the production of decanal, a powerful aldehydic
waxy and floral note with orange and citrus peel facets. Decanal
was produced from the linear substrate 2E-decenal in preparative
scale reactions with 10 g/l substrate.[55] In a two-enzyme cascade in
combination with alcohol dehydrogenases (ADH), an ene reduc-
tase from the OldYellow Enzyme family was used to produce the
twomain odour vectors out of the four stereoisomers ofMuguesia®

(10) (Fig. 3), a transparent floral, muguet, rosy fragrance mole-
cule with green and mentholic facets.[56] In the same odour family
(muguet, lily of the valley), EREDs served to prepare non-racemic
a-methyl dihydrocinnamaldehyde derivatives such as Lilial® (11)
and Tropional® (12) (Fig. 3). These compounds were produced in
quantitative yield and with high selectivity (> 95% ee).[57]

a decalin alcohol (5) or ketone (6). Surprisingly, a decalin ketone
is formed from a terminal acetylenic substrate since the formation
of a carbon–carbon bond between the terminal acetylene carbon
atom and the tertiary carbocation requires an unexpected change
in geometry of the otherwise rigid linear acetylene moiety.

A further aspect of the applicability of SHC enzymes to the
production of fragrance compounds was illustrated recently with
the example of g-dihydroionone.[18,31] The ability of these en-
zymes to discriminate between geometric isomers of a substrate
was highlighted, and our findings strengthened the view that ste-
reodivergent and enantioselective transformation of geometric
isomers is a general principle in SHC catalysis.

The versatility, plasticity, and attractiveness of SHC enzymes
due to their independence of cofactors will undoubtedly translate
into further industrial applications of these enzymes both in and
outside the field of fragrance chemistry. Current trends in the ar-
eas of substrate engineering to generate novel terpenoids, genetic
engineering of SHC enzymes to diversify product portfolio, and
metagenomic investigations to add novel cyclases to the toolbox
will certainly foster this development.

3. Ene Reductases
Biocatalyticalkenereductioniscatalyzedbyfamiliesofenzymes

known collectively as ene reductases (ERED). Members of the Old
YellowEnzyme family dominate the scene in the enzyme-catalyzed
reduction of activated C=C double bonds. However, enoate reduc-
tases, medium-chain dehydrogenases, short-chain dehydrogenases
and quinone reductase-like EREDs are other players in this area.[32]
These enzymes catalyze the trans-hydrogenation of the C=C dou-
ble bond of a,b-unsaturated carbonyl compounds, which has the
potential to generate up to two stereogenic centers.[33,34]They repre-
sent an attractive alternativemethod to the syn-addition of hydrogen
to alkenes in the presence of metal catalysts.

Due to their wide substrate scope, ene reductases gained broad
practical use as they accept a,b-unsaturated aldehydes, ketones,
carboxylic acids and derivatives (esters, lactones, cyclic acids an-
hydrides, carboxylic acids) as substrates.[35,36] Their applicability
at a preparative scale with excellent yields and enantiomeric ex-
cess was demonstrated, and their utility in biocatalytic applica-
tions is well established.[37,38] Recent efforts extend the product
portfolio of these enzymes not only by exploiting genetic diver-
sity and introducing new EREDs to the palette,[39–43] but also by
means of enzyme engineering,[44] substrate functionalization and
set-up of multi-enzyme cascades[39] in combination with, e.g. al-
cohol dehydrogenases,[45,46] transaminases,[47] or Baeyer-Villiger
monooxygenases.[48] These efforts also tend to develop alterna-
tives to natural NADH or NADPH cofactor regeneration leading
to cost-effective hydride sources for application at laboratory and
industrial scale.[48,49]The versatility of EREDs acting as individual

Scheme 1. (–)-Ambrox pro-
duced as AmbrofixTM from (E,E)-
homofarnesol with Squalene-
hopene cyclase.

Fig. 3. Various odorant molecules prepared from building blocks B us-
ing ene reductases. Dihydro-b-ionone (7), Muscone (8), citronellal (9),
Muguesia® (10), Lilial® (11), Tropional® (12).
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Dehydromahonial conversion in approx. 6 h, Mahonial (13) rep-
resenting > 95% of the product mixture.[59]

The finding that EREDs can be used for the selective hydro-
genation of a,b,g,d-di-unsaturated aldehydes was extended to the
example of Calmusal (14). It was found that the enzymes able
to reduce Dehydrocalmusal to Calmusal (14) differed from those
observed for the reduction of Dehydromahonial to Mahonial (13).
Interestingly and in contrast to Mahonial (13), Calmusal (14) was
stable and not further reduced to the corresponding alcohol by
ERED-unrelated reduction reactions.

4. Alcohol Dehydrogenases
Alcohols, aldehydes, and ketones are among the most impor-

tant odorants, covering many olfactive families with iconic ingre-
dients.[60,61]

While chemically reducing aldehydes and ketones to alcohols
can be done very selectively via catalytic hydrogenation, oxida-
tions are often less selective. As a result, they require stoichio-
metric amounts of oxidizing agents (e.g. PCC, Dess-Martin, and
Swern oxidations), producing a large amount of waste.

Enzymatically, alcohol oxidations are performed either by
alcohol oxidases, which can utilize oxygen directly but have a
relatively narrow substrate scope or by alcohol dehydrogenases
(ADH; or keto reductases, KRED), whose primary oxidant is a
cofactor.[62,63] In fact, ADHs can catalyze both the reduction of
C=O double bonds (i.e. ketones or aldehydes) using NAD(P)H
and the oxidation of primary or secondary alcohols using
NAD(P)+. The reaction is reversible, and the direction in which
it is performed can be controlled by the oxidation state of the
cofactor offered to the enzyme and other means of shifting equi-
libria, such as an excess substrate or product removal.[64] As it
is not economically feasible to use stoichiometric amounts of
the cofactor, a cofactor regeneration system is generally used
to recycle the cofactor employing reducing or oxidizing a most
cost-efficient co-substrate.

Olfactive receptors are proteins and, as such, inherently chi-
ral. Therefore, it is not uncommon to find the different stereoiso-
mers of a fragrance ingredient to have significantly different ol-
factive properties.While a simple difference in odour threshold is
not usually enough to justify a stereoselective process, especially
when looking at a racemic resolution where 50% of the material
is lost, a different olfactive character can make it worthwhile.

ADHs have been extensively used in the synthesis of odorants
in the past.[65]Hernik et al.[66] recently employedADH-containing
whole cells of the Rhodococcus genus to obtain the four isomers
of whisky lactone. A combination of commercial ADHs and li-
pases was used by Vieira et al.[67] to produce both enantiomers of
Mugetanol selectively. In a recent review, Ribeaucourt et al.[68]
summarized the biocatalytic approaches, including ADHs in the
oxidative direction, to prepare fatty aldehydes from fatty alcohols,
such as hexanal or nonanal.

Together with InnoSyn and c-LEcta within the European
Horizon 2020 project ROBOX, we have developed an enzymat-
ic, racemic resolution of Undecavertol (15) using an (S)-selective
ADH in the oxidative direction.[69,70] An oxygen-dependent
NAD(P)H oxidase, engineered by c-LEcta, was used for cofactor
regeneration producing only water as a by-product and driving the
reaction in the desired direction. Thus, (S)-Undecavertol ((S)-15)
is oxidized by the enzyme to Undecavertone (16). Whilst (R)-
Undecavertol ((R)-15) is left untouched, (S)-15 is fully converted
to 16 (Scheme 2). Both products are subsequently separated by
fractionated distillation.

The ADH used was found to be highly stable in the presence
of high concentrations of substrate and products. For example, on
a laboratory scale, we could reach up to 680 g/l of the substrate
while only using 5.2 g/l of the enzyme and still completing the
reaction within 16 h, making this a highly productive process.

With regard to substrate scope, interestingly, no reports were
available so far relating to the treatment of a,b,g,d-di-unsaturated
linear aldehydes using ene reductases. A few similar examples
were described using a deazaflavin-dependent enzyme in combi-
nation with an F

420
-dependent glucose-6-phosphate dehydroge-

nase.[58]At Givaudan we were interested in accessing g,d-unsatu-
rated odorant aldehydes like Mahonial (13) and Calmusal (14)
(Fig. 4) and our investigations indicated that EREDs can be used
for the selective hydrogenation of the a,b double bond of the cor-
responding di-unsaturated aldehydes.[59]

Ten commercially available EREDs were tested in combina-
tion with five glucose dehydrogenases (GDH) for cofactor re-
generation. In addition, six ene reductases were heterologously
produced in E. coli: OPR1 (Lycopersicon esculentum), OYE2.6
(Pichia stipitis), XENB (Pseudomonas fluorescens), NCR
(Zymomonas mobilis), DBVPG (Kazachstania lodderae) and
OYE3 (Saccharomyces cerevisiae), and their ability to catalyze
the reaction of interest was tested using lyophilized cell-free ex-
tracts in combination with GDH for cofactor regeneration.

Conversion of Dehydromahonial to Mahonial (13) heavily
depended on the ERED used. Screening for GDH enzymes also
revealed the importance of choosing the appropriate GDH prepa-
ration for ensuring the highest production level of Mahonial (13)
as well as stability of both the substrate and the product. Observed
side reactions were the ene reductase-independent reduction of
the aldehydes by alcohol or aldehyde dehydrogenases present in
enzyme lyophilisates, leading to the corresponding alcohols of the
starting material as well as of the product.

Another aspect of the investigations dealt with the use of wa-
ter-miscible co-solvents in place of DMSO and the use of tolu-
ene to test the suitability of two-phase systems for enabling high
levels of substrate conversion and ensuring product stability. Any
of the tested water-miscible solvents could replace DMSO when
supplied at 5% v/v. At 10% v/v methanol, complete and selective
(> 95%) conversion of Dehydromahonial to Mahonial (13) was
obtained. In a two-phase system, the water-immiscible toluene
could be applied at 5 and 10% v/v, allowing for fast and full con-
version of Dehydromahonial (> 96% in 3 h). This approach en-
sured excellent substrate and product stability, withMahonial (13)
accounting for ≥ 99% of the product mixture.

The influence of surfactants or other agents like cyclodextrins
was not investigated although these additives may help increasing
substrate conversion while increasing the solubility of water-in-
soluble compounds.

The volumetric productivity could be further improved by
increasing substrate concentration to e.g. 20 g/l in reaction mix-
tures containing 1 g/l ERED and NADP in the presence of 2 g/l
GDH. Supplying the reaction with appropriate concentrations of
glucose and running the reaction at a temperature and pH defined
as optimal for the combination of ERED/GDH used led to > 80%

Fig. 4. Selective ene reductase reduction of the a,b-double bond
of conjugated dienals C to deconjugated enals. Reaction products:
Mahonial (13) and Calmusal (14).
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5. Conclusion and Perspective on Artificial Intelligence
in Biocatalysis

As illustrated in the previous chapters with a few selected ex-
amples, biotechnology as a whole and biocatalysis, in particu-
lar, have tremendous potential as complementary tools to classic
chemical synthesis, even for the production of fragrance ingre-
dients, which generally require very (cost)-efficient processes.
Hence, to further establish biocatalytic processes on an industrial
scale in our industry, simplifying the access to enzymes and/or
decreasing the efforts to develop these processes will be critical.

Very encouraging are, therefore, the recent advances in com-
putational enzyme engineering, which will help to understand
structure-function relationships, discover new enzymatic activi-
ties, and improve biocatalysts to become even more cost-efficient
and widely applicable.

The function of an enzyme is inherently connected to its struc-
ture. However, until a few years ago, only a tiny fraction of the
known proteins had crystal structures available. While homology
modelling and early structure predictions helped close some of the
gaps, the advancement in deep learning algorithms has opened a
new world of possibilities.

Methods such as AlphaFold[71,72] (by DeepMind),
RoseTTAFold[73] (by the Baker lab), and ESM Fold[74] (by Meta
AI) use neural networks trained on large databases of known pro-
tein structures to de novo predict three-dimensional protein struc-
tures from sequence data.

With breakthroughs at the CASP13 and 14 contests in 2018
and 2020, DeepMind’sAlphaFold algorithms have paved the way
for subsequent developments in the area. They have been recog-
nized as a solution to the decades-oldAnfinsen’s dogma of amino
acid sequence and protein-folding, which states that the structure
of a globular protein is solely determined by its amino acid se-
quence (‘protein-folding problem’)[75] with a prediction accuracy
down to the atomic level. In mid-2021, the group predicted and
published the structures of all human proteins and those of anoth-
er 20 model organisms. By mid-2022, an additional 200 million
structures had been published, covering most proteins in NCBI
and UniProt databases. Meanwhile, MetaAI’s team has published
the ESM Metagenomic Atlas[76] containing predicted structures
of all over 600 million proteins in the Mgnify90[77] metagenomic
database.

All three algorithms were published under permissive licens-
es, allowing educational and commercial use as well as distri-
bution and modification. In addition, they provide servers with
easy-to-use interfaces and the possibility to use the algorithms
locally. This Open Source mindset ultimately facilitates scientific
innovation and accelerates developments, especially in data-driv-
en disciplines like biotechnology. Artificial intelligence already
significantly impacts our daily lives but will also transform how
we analyze data and work as scientists.

While Artificial Intelligence will not completely replace the
need for experiments, it will significantly reduce their number
and, therefore, the time and resources needed. By improving
the efficiency and specificity of enzymes, AI-driven enzyme en-
gineering will help to reduce waste and energy consumption in
industrial processes. It will accelerate the transformation of the
chemical industry by making these processes more efficient and

environmentally friendly, contributing to a more sustainable fu-
ture and supporting Givaudan to deliver on our ambition in line
with the FiveCarbon PathTM.
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