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ABSTRACT
Enzyme-catalyzed reductions have been studied for decades and
have been introduced in more than 10 industrial processes for
production of various chiral alcohols, R-hydroxy acids and R-amino
acids. The earlier hurdle of expensive cofactors was taken by the
development of highly efficient cofactor regeneration methods. In
addition, the accessible number of suitable dehydrogenases and
therefore the versatility of this technology is constantly increasing
and currently expanding beyond asymmetric production of alcohols
and amino acids. Access to a large set of enzymes for highly
selective CdC reductions and reductive amination of ketones for
production of chiral secondary amines and the development of
improved D-selective amino acid dehydrogenases will fuel the next
wave of industrial bioreduction processes.

1. Introduction
Nature’s toolbox for catalyzing reduction reactions is vast
but until recently was not considered as competitive and
applicable in industry. Indeed early reports on bioreduc-
tion processes were often only impressive because of mild
reaction conditions without the need for hydrogen and
unmatched regio- and enantioselectivities of the enzymes.
Other industrially important parameters such as catalyst
costs, productivities (g·L-1·h-1), final product concentra-

tions, and/or complex downstream processing were,
however, often not attractive for industrial applications.

Many of these limitations were caused by the fact that
the initial processes used living or resting cells as bio-
catalysts. These wild-type strains (often yeasts) typically
grew slowly, suffered from high product or substrate
concentrations, and contained a significant level of un-
desired enzymes causing side reactions. In addition,
required special know-how (e.g., in microbiology) and
equipment (e.g., fermentors and microfiltration units)
were not standard in the chemical industry. Therefore it
is not surprising that bioreductions were far from being a
standard synthesis tool for quite some time.

With the introduction of recombinant DNA technology
and the development of efficient cofactor regeneration
concepts in the early 1980s, many of these hurdles were
lowered. Indeed, the first industrial enzymatic reductive
amination process with in situ cofactor regeneration was
enabled by these developments and introduced in the
1990s for production of L-tert-leucine based on a reductive
amination of the corresponding keto acid.1 Since then,
the number of industrial bioreduction processes for
manufacturing of primary and secondary alcohols and
R-amino as well as R-hydroxy acids has grown to more
than 10 industrial processes today.2 We expect this to
rapidly grow during the next years because the chance of
finding a suitable biocatalyst is very high. The availability
of continuously expanding off-the-shelf enzyme libraries
(e.g., more than 100 recombinant keto reductases are
available today) and the application of modern enzyme
development and screening tools such as directed evolu-
tion3 and metagenome screening4 will fuel this growth.

Indeed, enzymatic carbonyl reduction is moving from
a niche application to a first choice approach, although
the general perception lags behind the convincing status
of the actual technology. Moreover, new applications for
bioreductions are on the horizon. For example, the
development of efficient enone and enoate reductases for
CdC reductions, amine dehydrogenases, and D-selective
amino acid dehydrogenases will find new applications for
production of chiral amines and other valuable products.
The aim of this Account is to present the current status
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of enzymatic reductions and to discuss emerging areas
with a strong focus on industrial applicability.

2. Cofactor Regeneration
The majority of enzymes applied in industrial bioreduc-
tion processes use nicotine amide cofactors (NADH and
NADPH). These cofactors transfer a hydride ion with the
help of an enzyme, usually in a highly regio- and stereo-
selective way, to a substrate and are therefore oxidized
and stoichiometrically consumed during the reaction. The
high price of the cofactor makes an efficient regeneration
system a prerequisite for industrial bioreduction processes.

Many different regeneration systems have been devel-
oped since the 1980s. They can be classified as coupled
enzyme, coupled substrate, in vivo (i.e., relying on the
natural cofactor regeneration system of living organisms),
electro-enzymatic, photochemical, and chemical ap-
proaches. An overview of the different concepts is shown
in Figure 1. The last three approaches (Figure 1,d–f) seem
not yet competitive for commercial applications due to
typically lower total turnover numbers (moles of cofactor
consumed per mole of produced product), side reactions,
or the requirement for expensive mediators. Coupled
enzyme and coupled substrate approaches look currently
most attractive, but in vivo approaches are also of

industrial relevance.5 In the following, we will focus on
coupled enzyme and coupled substrate methods.

2.1. Coupled Enzyme Approach. Cofactor regenera-
tion systems based on the coupled enzyme approach have
been explored since the beginning of the 1980s. For
example, Whitesides, Wong, and co-workers described the
use of hydrogenases, formate dehydrogenases, aldehyde
dehydrogenases, and glucose-6-phosphate dehydrogena-
ses for regeneration of NADH as well as NADPH.6–8

Additional enzyme systems have been developed since
then based on malic enzymes,9 phosphite dehydrogena-
ses,10 and glucose dehydrogenases.11

Table 1 attempts to sketch a rough picture about
advantages and disadvantages of the different enzyme
systems, which indicates a trade-off between enzyme and
cosubstrate related properties of the different systems.
Systems with lower enzyme cost contributions are com-
promised by higher cosubstrate costs and vice versa. Thus
there is no single best or ideal cofactor regeneration
system at the moment that, however, does not limit
industrialization and therefore the competitiveness of
bioreduction processes based on the coupled enzyme
approach.

In the mid-1990s, the first enzyme coupled cofactor
regeneration process was implemented at a ton scale
based on the formate dehydrogenase from Candida boi-
dinii.1 Yields of >70% and productivities of >600 g·L-1·d-1

are reported based on a repetitive batch process for
production of L-tert-leucine.2

Glucose dehydrogenase based methods are also com-
mercialized despite seemingly more complex workup
procedures. For example, Kaneka reported the production
of a statin intermediate (4-chloro-3-hydroxybutanoate)
using an alcohol dehydrogenase (ADH) from Candida
magnoliae and a glucose dehydrogenase from Bacillus
megaterium, which are coexpressed in Escherichia coli. A
total turnover number of 21.600 mol product/mol NADPH,
high product concentrations (>20% w/v), reasonable
yields (85%), and high optical purities (>99.5% ee) were
reported, which clearly demonstrates that modern
bioreduction processes including recent developments
of recombinant whole-cell processes12–14 are highly
competitive with other alternative reduction methods.

2.2. Coupled Substrate Approach. The seemingly
simplest approach for cofactor regeneration makes use
of a single enzyme that simultaneously transforms sub-
strate plus a cheap cosubstrate according to the scheme
in Figure 1b. Due to the reversibility of dehydrogenase
reactions, the cosubstrate must be applied in large excess

FIGURE 1. Overview of cofactor regeneration concepts.

Table 1. Comparison of Different Enzyme Systems
for Cofactor Regeneration

enzyme activity stability
cosubstrate

cost workup

formate DHa - ( ( +
glucose-6-phospate DHa + ( - -
phosphite DHa - ( + +
glucose DHa + + ( (
hydrogenase - - + +
aldehyde DHa ( ( ( -

a DH ) dehydrogenase.
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to drive the equilibrium in the desired direction and allow
sufficient yields. Consequently, the coupled substrate system
is often compromised by enzyme inhibition and enzyme
inactivation caused by the high cosubstrate or coproduct
concentrations. Furthermore product isolation can be ham-
pered if the desired product has similar physico-chemical
properties as the cosubstrate or coproduct.

Several remarkably stable dehydrogenases are known
that tolerate high cosubstrate concentrations. For ex-
ample, the alcohol dehydrogenase from Thermoanaero-
bium brockii tolerates 2-propanol concentrations of up
to 20% (v/v)15 and the alcohol dehydrogenase from
Rhodococcus ruber DSM44541 is reported to accept even
up to 50% (v/v) 2-propanol.16

Industrially relevant processes based on the coupled
substrate approach are, for example, described by
Industrial Enzyme Products (IEP) for production of
2-butanol and ethyl-4-(S)-chloro-3-hydroxybutyrate.17,18

3. Alcohol Production by Reduction of
Ketones
Carbonyl reductions catalyzed by alcohol dehydrogenases
(E.C.1.1.) have been described in detail during the last
decades.19,20 Most reports describe the reduction of
ketones to the corresponding chiral (R)- or (S)-alcohols,
but alcohol dehydrogenases can also be used to catalyze
selective oxidations.20

Dehydrogenase reductions proceed according to the
following steps: (1) enzyme–reduced coenzyme complex
binds ketone substrate; (2) hydride is transferred from
reduced cofactor (NAD(P)H) to ketone; (3) formed (chiral)
alcohol product is released from enzyme–oxidized cofactor
complex; (4) oxidized cofactor uncouples from enzyme
and is reduced again by a reductive cofactor regeneration
system (see cofactor regeneration above).

Step 2 can follow four stereochemical patterns (E1–E4)
depending on (i) hydride attack via the si or re face of the
sp2-hybridized carbon atom in the CdO moiety and
depending on (ii) attack by pro-R- or pro-S-hydride of
NAD(P)H, which is illustrated in Figure 2. Alcohol dehy-

drogenases (ADHs) can be classified according to these
four reduction patterns. Pseudomonas sp. ADH21 and
Lactobacillus kefir ADH22 belong to E1, whereas Geotri-
chum candidum glycerol DH23 and Mucor javanicus
dihydroxyacetone reductase24 belong to E2. The yeast
ADH,25 horse liver ADH,26,27 and Moraxella sp. ADH28

show an E3 pattern, while E4 is not common within the
ADH enzyme family.

A large variety of different ADHs are known and an
increasing number (>100) are available off-the-shelf at
small scale. Some of the best known industrially relevant
enzymes are described as follows:

1 Rhodococcus sp. ADH:29 broad substrate range (meth-
yl ketones are very well accepted), obeys Prelog’s rule
(mostly (S)-alcohols are produced), high enantioselectivity,
moderate cosolvent tolerance, NADH-dependent.

2 Lactobacillus sp. and Pseudomonas sp. ADH’s:21,22

NADPH- and NADH-dependent, respectively, broad sub-
strate range, accepting high concentrations of 2-propanol
for substrate-coupled cofactor regeneration, obey anti-
Prelog’s rule (mostly (R)-alcohols are formed).

3 Thermoanaerobium brockii ADH:30 broad substrate
range (well-suited for aliphatic ketone reductions), small
substrates are converted to (R)-alcohols, while sterically
more demanding ketones yield mainly (S)-alcohols, NAD-
PH-dependent, very high enantioselectivity.

4 Candida yeast ADHs: (S)-selective ADH from Can-
dida macedoniensis has been coexpressed by Shimizu et
al. for the commercial production of ethyl (S)-4-chloro-
3-hydroxybutanoate.13

5 Baker’s yeast whole cells: broad substrate range (but
often compromised stereoselectivity), low barrier usage
for chemists, applied on large scale, key ADHs have been
sequenced and overexpressed in E. coli.31

Although homogeneous catalysis is a highly competitive
method for production of chiral alcohols, an increasing
number of examples show that ADHs can outperform
chemical alternatives based on (i) regioselectivity, (ii)
enantioselectivity, (iii) acting in mild aqueous conditions,
(iv) low catalyst costs, or (v) versatility.

The substrate spectrum of all alcohol dehydrogenases
reported in the literature is broad enough to claim that
almost every target ketone or aldehyde substrate can be
converted to the corresponding alcohol. However, sub-
strates of which both side groups flanking the carbonyl
are very bulky, such as phenyl isopropyl ketone, tend to
be poor substrates of most known ADHs resulting in low
productivities and high biocatalyst cost contributions. This
gap has to be filled by the discovery of new ADHs that
can convert sterically hindered ketones with high activity.

4. Production of r-Amino Acids by Reductive
Amination of r-Keto Acids
Amino acid dehydrogenases (AADHs; EC 1.4.1.X) can
catalyze the reductive amination of R-keto acids to
R-amino acids, with the concomitant oxidation of the
cofactor NAD(P)H. Due to thermodynamic reasons, the
equilibrium of the AADH-catalyzed reaction is usually far

FIGURE 2. Stereochemical mechanism of hydride transfer from
NAD(P)H to carbonyl carbon of a substrate bearing small (S) and
large (L) substitution groups (E3/E4 follow Prelog’s rule25 via front
attack (re face), in contrast to back attacking E1/E2 (si face)).
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on the side of the aminated products. The Keq for the
leucine/ketoleucine reaction, for instance, equals 9 × 1012

M-2,32 whereas for the phenylalanine/phenylpyruvate
reaction, a calculated Keq of 2.2 × 1013 M-2 has been
reported.33 Consequently, the maximum conversion in the
AADH-catalyzed amination reaction is very close to 100%,
which implies an almost quantitative use of the R-keto
acid starting compound.

Of the large number of AADHs identified in nature, only
a few are industrially relevant for the synthesis of enan-
tiomerically pure R-H-R-amino acids.34,35 Besides alanine
dehydrogenases (AlaDH, EC 1.4.1.1) and glutamate dehy-
drogenases (GluDH, EC 1.4.1.2–4), these are particularly
phenylalanine dehydrogenases (PheDH, EC 1.4.1.20) and
even more leucine dehydrogenases (LeuDH, EC 1.4.1.9).
All of these dehydrogenases catalyze the reductive conver-
sion of R-keto acids to the corresponding L-amino acids
[(S)-configuration] only. Most of the synthetic work with
LeuDHs has been performed with the enzymes from
several Bacillus species and from Thermoactinomyces
intermedius,36 which appeared to be NADH-dependent.
An extensive study to address the synthetic scope and
limitations of the LeuDHs from B. stearothermophilus, B.
cereus, and B. sphaericus showed that these enzymes have
remarkably similar substrate spectra and accept R-keto
acids with hydrophobic, aliphatic, branched, and un-
branched carbon chains from four up to and including
six C-atoms in a straight chain. Furthermore, they can
convert some alicyclic R-keto acids but do not have any
activity for aromatic substrates, like L-phenylalanine.33 The
specific activities of these LeuDHs for the reference
substrate 2-oxo-4-methyl-pentanoic acid (ketoleucine)
range from 3.3 U/mg (B. sphaericus) to 120 U/mg (B.
stearothermophilus) of protein at 30 °C.34

The aromatic amino acid gap in the substrate spectrum
of LeuDH was closed by the identification of an enzyme
catalyzing the oxidative deamination of L-phenylalanine,
first in a Brevibacterium strain38 and later among others in
a Rhodococcus sp.39 and in T. intermedius.40 Studies showed
that the substrate specificity of these PheDHs is very broad,
not only accepting similar types of substrates as the LeuDHs
but also R-keto acids with an aromatic side chain.
Consequently, the substrate ranges of LeuDH and PheDH
are complementary. Especially the Rhodococcus PheDH
is an attractive biocatalyst due to its high stability and
intrinsic high specific activity (935 U/mg for the deami-
nation of L-phenylalanine).33 Also all PheDHs are NADH-
dependent.

A number of different process concepts have been
explored to efficiently operate the reductive amination
process depicted in Figure 3. Wandrey and co-workers
developed processes with isolated enzymes in enzyme–
membrane reactors (EMR),37 whereas others engaged in
the development of whole cell processes.2

At Bristol-Myers Squibb, for instance, a recombinant
Pichia pastoris coexpressing a T. intermedius PheDH gene
and the endogenous formate dehydrogenase (FDH) was
applied for the production of 15 kg of (S)-2-amino-5-(1,3-

dioxolan-2-yl)-pentanoic acid (allysine ethylene acetal),
with 97% yield and >98% ee.41

Galkin et al. constructed among others two different
recombinant E. coli strains both expressing the FDH
from Mycobacterium vaccae42 in combination with
either the LeuDH36 or the PheDH43 from T. intermedius.
The whole-cell biocatalysts produced L-leucine, L-valine,
L-norvaline, and L-methionine (combination LeuDH–FDH)
and L-phenylalanine and L-tyrosine (combination PheDH-
–FDH) in high chemical yields (>88%) and excellent
enantioselectivity (>99.9%). Advantageously, the intracel-
lular NAD+ pool in the resting cells was sufficiently high
to produce these amino acids up to 0.3 M. Higher product
concentrations, however, could not be obtained, probably
due to intracellular degradation of the cofactor.44

Recently, also Degussa reported on the construction
of a whole-cell biocatalyst for the asymmetric reductive
amination of R-keto acids as a cost-attractive alternative
to their current route, which is based on the application
of (expensive) isolated and purified enzymes.45,46 Applica-
tion of this new whole-cell biocatalyst for the synthesis
of L-tert-leucine showed that this reaction proceeded even
without the addition of external cofactor. However, sub-
strate concentrations of 0.5 M and higher led to incom-
plete conversion, which was in line with the earlier
observations by Galkin et al.44 This problem could be
solved by addition of a low amount of additional cofactor
(1–10 µM) or, more attractively, by fed-batch operation.
Continuous addition of a 1.25 M solution of the substrate
trimethylpyruvic acid over a period of 12 h (equaling a
final substrate concentration of 1 M) resulted in an overall
conversion of >95% after 24 h without the need for an
external cofactor. The ee of the L-tert-leucine obtained
after workup (yield 84%) was >99%.45 More recently the
same whole-cell biocatalyst has succesfully been applied
for the synthesis of L-neopentylglycine with >95% conver-
sion and >99% ee at substrate concentrations of up to 88
g/L, causing the resulting amino acid to precipitate from
the reaction mixture. Nevertheless, the resting cells stayed
intact, and the reaction proceeded without addition of
external cofactor.46

Until recently, synthesis of D-amino acids via enzymatic
reductive amination had not been reported because a
suitable D-AADH was not availble. In 2006, however, the
first known highly stereoselective D-AADH by engineering
of the enzyme meso-2,6-diaminopimelic acid D-hydroge-
nase from Corynebacterium glutamicum was reported by
Biocatalytics.47

FIGURE 3. Reductive amination process to enantiomerically pure
L-amino acids with FDH-based cofactor regeneration.
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The examples discussed above clearly indicate that
enzymatic reductive amination has matured to an attrac-
tive technology for the commercial synthesis of enantio-
merically pure L-R-H-R-amino acids, whereas the first
steps have been taken toward the development of a similar
technology for the production of D-R-H-R-amino acids.

5. Reduction of Carbon–Carbon Double Bonds
In homogeneous catalysis, the (stereoselective) reduction
of carbon–carbon double bonds has been studied in depth
with mainly (chiral) rhodium or ruthenium phosphines,
resulting in a high number of reductive (enantioselective)
transformations documented since the mid-1980s.48 In the
field of biocatalysis, this type of reduction has first been
explored with baker’s yeast cells on various substrates49,50

under mild and aqueous conditions. Optically active
1-nitroalkanes were produced from 1-nitro-1-alkenes in
studies conducted by Ohta et al.51 using baker’s yeast as
catalyst. Later on, it became clear that one of the NADH-
(P)H-linked flavin-containing “old yellow enzyme” (OYE,
EC 1.6.99.1) analogues was catalyzing this reaction, which
is one of the best explored families of enzymes for the
reduction of CdC bonds. OYE analogues are also active
on substituted R,�-unsaturated ketones and aldehydes to
produce the corresponding enantiopure reduction prod-
ucts. Examples are found in the work of Fuganti et al.52

The reduction of these families of olefins most likely
proceeds in two hypothetical steps (see Figure 4),53

involving (i) hydride transfer from NAD(P)H via the
enzyme reduced flavin to the �-carbon of the olefin
forming a free-rotating intermediate that is negatively
charged on the R-carbon, followed by (ii) a protonation
at this R-carbon finalizing the reaction. In members of
this olefin reductase family conducting the reduction
reaction in a stereoselective way, often specific tyrosine
residues are responsible for the chirality of the end
product.

Meanwhile, the variety of olefin reductases has been
expanded far beyond the borders of baker’s yeast cells. A
summary of known enzymes and their origins is given in
Table 2. The gene sequence of most of the mentioned
enzymes is known (not for Astasia sp. and Nicotiana sp.)
and (bio)chemists are just starting to explore these

enzymes as organic synthesis tools for research purposes.
Extensive substrate spectra of these reductases have not
been published so far.

OYE and its homologues bind flavin mononucleotide
(FMN) tightly but noncovalently.54,55 During reductions
with members of the OYE family, NAD(P)H is the physio-
logical reductant, and several compounds can act as
oxidants (electron acceptors) such as quinines and many
R,�-unsaturated aldehydes and ketones.55 During reduc-
tion, the electron-carrier FMN mostly accepts two high-
potential electrons in its isoalloxazine ring with NAD(P)H
as the electron donor.56 The initial step is the binding of
NAD(P)H and the transfer of its two electrons to FMN,
forming the reduced complex FMNH2. FMN can also
accept one single electron instead of two by forming a
semiquinone radical intermediate. By either method, FMN
serves as a temporary electron sink during the reduction
reaction. The next step is the transfer of electrons from
FMNH2 to an electron-accepting substrate, often the
�-carbon of enones, enals, and 1-nitro-1-alkenes.55,56 Non-
flavin-containing reductases carry out CdC reductions by
the conjugate addition of hydride directly from NAD(P)H
in the absence of flavin.

Studies with whole yeast cells have shown that OYE
reductases can catalyze several CdC reductions in a
stereoselective manner.57 As an example, R-Me-cinnama-
ldehyde could be reduced by whole baker’s yeast cells
toward the chiral aldehyde, which was further reduced to
the corresponding alcohol with high ee and conversion
(>99%) due to excess reducing ADH activity in the
presence of glucose. Also other R-substituted cinnamal-
dehydes showed the same reduction profile when reduced
with whole yeast cells. End products were mostly (S)-
enantiomers resulting from (E)-isomer cinnamaldehyde
derivative substrates. Most reductases prefer (E)-isomers
as substrates, although conjugated cyclic substrates such
as cyclohexenone derivatives are well reduced by many
representatives. The substrate spectrum of a random
combined set of prokaryotic, yeast, and plant reductases
ranges from very small enones and enals to larger or
complex substrates such as chalcone, (9R,13R)-cis-oxo-
phytodienoic acid, nonenal derivatives, and (hydro)jas-
mone. Most reductases however do not reduce the cor-
responding esters, acids, or amides, although exceptions
have been observed for these substrates in Clostridia sp.
Activities that are found with CdC reductases are within
the range of 0.5–50 U mg-1 of reductase, which indicates

FIGURE 4. Hypothetical reaction mechanism of reductases active
on enones and enals (R4 ) H).

Table 2. Summary of Known CdC Bond Reducing
Enzymes and Their Origins

origin enzyme name ref

Candida macedoniensis homologue OYE 58
Candida albicans homologue OYE 60
Kluyveromyces lactis homologue OYE 61
Bacillus subtilis YqjM reductase 54
Escherichia coli NemA reductase 62
Pseudomonas putida xenobiotic reductaseAandB 63
Lycopersicon esculentum LeOYE 64
Arabidopsis thaliana enone reductases 65
Astasia longa enone reductase 66
Nicotiana tabacum enone reductase 67
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that space time yield values exceeding 50 g·L-1·d-1 could
be obtained in developed processes with wild-type
enzymes.

Coexpression of the enone reductase from C. mace-
donensis with a glucose dehydrogenase (GDH) from
Bacillus megaterium has been documented for the reduc-
tion of ketoisopherone by Kataoka et al.58 In this process,
a high substrate concentration of up to 10 wt % was
accepted by the CdC reductase.

6. Outlook
The knowledge about redox enzymes and their applica-
tions described in this Account have their origin in the
1980s, when biocatalysis with whole yeast cells was
explored and sometimes applied as an efficient black box
system. Since 1990, several enzymes responsible for the
reduction of ketones, keto acids, and double bonds have
been investigated and costs for cofactor regeneration have
been reduced to low levels allowing the industrial use of
NADH- as well as NADPH-dependent enzymes. As a
result, more than 10 industrial bioreduction processes
have been introduced for the production of R-amino acids,
R-hydroxy acids, and alcohols.

It is therefore likely that other NADH- and NADPH-
dependent dehydrogenases and reductases will find new
applications in bioredox processes. Although never
reported to be implemented at industrial scale, lab-scale
processes with CdC reductases have shown consider-
able potential and might be the next enzymes to enter
the arena of highly relevant hydrogenation tools.68

Furthermore, first reports on recombinant amine dehy-
drogenases whose substrate spectrum goes beyond keto
acids exist, which will certainly be rapidly integrated for
industrial production of chiral amines by reductive ami-
nation of the corresponding ketones if they become
commercially available.69

Although current cofactor regeneration systems are cost
efficient and technically proven, clean and cheap hydrogen-
driven hydrogenases are clearly the next hurdle to take
in the years to come. Currently known hydrogenases have
been reported from thermophilic organisms such as
Pyrococcus furiosis, but activity levels and stabilities are
still inferior.59 It is foreseen that implemention of hydro-
genase technology will only be stimulated and paid off
by introducing bioredox processes for bulk chemicals,
which will most probably not be the case before 2015.
Long before that time, however, CdC reductases will have
reached the point of industrial implementation and biore-
dox technology in general will increasingly impact the way
the chemical industry is tackling its most demanding
challenges, precisely balancing between sustainability and
profitability.
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