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biochemical co-factors or
co-substrates has progressed significantly in the past decades. This article spot-lights the developments in the biocatalytic supply and
recycling of selected co-substrates such as NAD(P)H, NAD(P) +, ATP, UDP-glucose and 2-ketoglutarate in academia and industry.
Their application has been hampered by limited availability, stability and high price. Biocatalytic supply and recycling was first
implemented for reductions with reduced NAD(P)H resulting in numerous industrial applications. Here we highlight more recent
developments that enable the oxidative recycling of NAD(P) + for oxidations with oxygen, (cost-)efficient and stable phosphoenol
pyruvate formulation for ATP regeneration from ADP, UDP-glucose supply and recycling from UDP and sucrose for selective
glycosylations as well as 2-ketoglutarate supply from L-glutamate for hydroxylations.

Enzymes catalyse chemical reactions with astonishingly high turnover frequencies
and rate enhancements over the uncatalyzed reactions making them very attractive
catalysts for the organic synthesis of pharma, fine, specialty and to certain extent
also bulk chemicals. As biocatalysts they achieve turnover frequencies or kcat
values of up to several millions per second (or mol product/mol biocatalyst per
second) like catalase and carbonic anhydrase (1, 2) and rate enhancements over
the uncatalyzed reaction of more than a billion-fold as certain decarboxylases and
nucle(osid)ases do (2). These rate enhancements and their unrivalled chemo-,
regio- and enantioselectivity make enzymes a valuable tool in chemical
industry (acrylic acid from acrylonitrile by nitrile hydratase) but also in food
industry (e.g. glucose fructose syrups with glucose isomerase). Especially for the
production of pharma but also fine chemicals enzymes – including co-factor and
co-substrate dependent ones - are routinely applied on industrial scale (Table 1).

Table 1. Selection of biochemical co-factors and co-substrates of enzymes and
their reaction types and industrially applied biocatalysis and biotransformtions.

12 Chimica Oggi - Chemistry Today

Chemically relatively simple reactions like lipase
catalysed interconversions of fats and oils or
enantioselective ester hydrolyses or syntheses
are achieved by a rather simple acid-base
mechanism of a catalytic triad in the active site
of the lipase, but more complex enzyme reactions
like reductions and oxidations or hydroxylations
require the involvement of so-called co-factors
or co-enzymes. These non-protein co-factors, coenzymes, prosthetic groups and co-substrates
are either tightly bound to the enzyme or diffuse
in and out of the enzyme’s active site, where the
specific catalysis occurs. Heme- and flavin-groups
of monooxygenase enzymes are covalently
bound or at least very tightly complexed and
usually incorporated during biosynthesis of the
enzymes. Other industrially relevant enzymes
for carbon-carbon bond formations and most
biochemistry around amines and amino acids
involve co-factors or prosthetic groups such as
thiamine diphosphate and pyridoxal 5’-phosphate
(Figure 1), the biologically active forms of vitamin
B1 and B6, respectively.
These co-factors alone already catalyse the
respective reactions, albeit with much lower rate
enhancements and lower reaction selectivity
than the intact enzyme/co-factor complex. It
is commonly accepted that these vitamin-type
co-factors and -substrates have appeared in
the early phases of (bio)chemical evolution
and were formed under the conditions of the
primordial soup next to peptides and nucleic
acids, many of them being or containing
nucleotides or nucleobases. In the course of
evolution more and more complex protein
structures developed around these co-factors
leading to a further rate enhancement but
keeping the reaction mechanism including
the co-factor constant. Therefore, the modern
enzymes still contain these complex ancient
molecules as co-factors and co-substrates.
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Figure 1. Selection of biochemical co-factors and co-substrates for biocatalytic
reactions relevant for organic chemistry (see table 1 for more details).

Reductases and dehydrogenases for instance rely on the nicotinamide co-substrates
NAD(H) and NADP(H) (oxidised or reduced, free or phosphorylated nicotinamide
adenine dinucleotide) to supply or accept the electrons required for the catalysed
redox reactions. Typically, these enzymes have a high binding affinity for these freely
diffusible co-factors or -substrates. NAD(H) and NADP(H) are typically produced
from yeast extracts as their complex structure makes their chemical synthesis too
complex. In any case they are too expensive to be used in stoichiometric amounts
(Table 2) and have to be either regenerated in vivo by an intact metabolism of living
host organism or in situ by enzymatic recycling systems. Both systems have their
specific pros and cons: in living cell systems in principle no external addition of
co-factors is required, but substrate(s) and product(s) frequently do not diffuse
freely over the cell membranes while there are no such diffusion limitations in in
vitro enzyme reactions. In addition, the viability of the cells producing the co-factor
dependent enzymes and their co-factor regenerating metabolism are frequently
inhibited by the chemical properties of the substrates, products or the organic
solvents that are sometimes required to dissolve these in sufficient concentrations.
In cell-free enzyme reaction systems the co-factor or -substrates have to be added
externally and regenerated by the same or an additional enzyme plus a sacrificial
substrate that either accepts or supplies the electrons and protons. These in vitro
reaction systems are generally less prone to inhibition and inactivation than living
cells as only one or two enzymes can be affected in contrast to a whole metabolic
network. This is why most companies typically apply nicotinamide co-factor
dependent enzymes in vitro and not in living cell environments.

Table 2. Overview of biochemical co-factor and -substrate kg-prices on largest available
lab-scale from various suppliers. Large scale prices are typically 10-fold or even lower.
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NAD(P)H AND NAD(P)+ REGENERATION
The recycling of oxidized NAD(P)+ back to the
reduced form NAD(P)H is needed for carbonyl
reductions as well as for many oxygenase
reactions. It is an established technology and
applied in numerous industrial processes for
the production of e.g. chiral alcohols from
pro-chiral ketones catalysed by carbonyl
reductases or alcohol dehydrogenases. Here the
NAD(P)H regeneration is accomplished using
the same reductase/dehydrogenase enzyme
and for instance isopropanol as inexpensive
sacrificial substrate that is oxidized to acetone.
Alternatively auxiliary enzymes like glucose or
formate dehydrogenase are used with glucose
or a formic acid salt as cheap co-substrate. A
number of additional strategies are described in
academia, all having their specific advantages
and disadvantages (13, 14).
Prominent examples of oxidative reactions
requiring the reduced form NAD(P)H as cosubstrate are Baeyer-Villiger monooxygenase
(BVMO) catalysed oxidations of ketones
yielding esters (15, 16) or cytochrome P450
monooxygenase driven oxidation of nonactivated C-H bonds yielding alcohols (17). The
mentioned biocatalytic reactions are of major
importance to the chemical industry, especially
due to the lack of correspondingly mild chemo-,
regio- and enantioselective oxidation chemistry.
From industrial perspective, availability and costs
at scale as well as high regeneration efficiency
(and therefore low co-factor/-substrate cost
contribution) are of major importance when
choosing the best recycling system for a
biocatalytic process. At InnoSyn, we use various
glucose dehydrogenase (GDH) enzymes to
recycle NAD(P)H back from NAD(P)+. The
required co-substrate D-glucose is available at
scale at low costs (less than 1 €/kg). The system
offers significant technical advantages over
many other reported systems which are:
Removal of by-product D-glucono1,5-lactone by spontaneous chemical
hydrolysis to gluconic acid, thereby shifting
the reaction equilibrium towards the
products side
High activity and process stability of GDH
under a wide range of relevant process
conditions (pH, temperature etc.)
Availability of different GDH enzymes for
various applications; they can be separately
added to the biocatalytic process or are
already co-produced with the primary
biocatalyst in the same production
organism (e.g. E. coli)
The efficient GDH enabled NADPH regeneration
was exemplary demonstrated on the BVMO-
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catalysed oxidation of 3,3,5-trimethyl-cyclohexanone towards trimethyl-εcaprolactones (Figure 2A) in our 100 l pilot plant reactor (18). By stepwise scaling
up the process, an excellent product yield of 97% was achieved. Co-substrate
supply and recycling was achieved using GDH-01, an enzyme that we developed
at InnoSyn and that is applied as crude enzyme preparation of high activity on
both cofactors (70-100 µmol per min and mg of protein on NADP+ and NAD+,
respectively). Within the described process, loading of only 1.7 g/L GDH-01 (based
on E. coli cell wet weight) was sufficient to enable the production of 36 g/l of
BMVO reaction products, and therefore cost contribution of this enzyme was
almost negligible within the whole process.

Figure 2. Reductive and oxidative regeneration of NADP(H) using the glucose/
glucose dehydrogenase system for the BVMO catalyzed oxidation of 3,3,5-trimethylcyclohexanone to trimethyl-ε-caprolactones (A) and O2/NAD(P)H oxidase system for
the selective ADH oxidation of a hydroxy-lactol to a hydroxy-lactone (B).

Next to the industrially established reduction of carbonyls to (chiral) alcohols by
ADH technology, the reverse oxidation of alcohols to aldehydes or ketones or
aldehydes to carboxylic acids can be very relevant (19). The regeneration of the
reduced NAD(P)H to the oxidized NAD(P)+ has not been developed and applied
to that extent, but was boosted by the identification and cloning of water-forming
NADH oxidases (NOXs). These use molecular oxygen as oxidant and produce
water as by-product (20, 21). The NADH specific Streptococcus mutans NOX was
rationally engineered to accept also the phosphorylated cofactor NADPH with
similar efficiency as NADH (22). One of the engineered NOX variants was then
produced and used in our laboratories in the selective alcohol oxidation on 1
l-scale (23). Recently we demonstrated on pilot plant scale that the regio- and
chemo-selective ADH/NOX oxidation of a hydroxy-lactol to a hydroxy-lactone
(Figure 2B) can be performed efficiently and safely using molecular oxygen as
oxidant. In 75 l reaction volume more than 3.5 kg of lactone product were produced
from 50 g/l of lactol substrate at a yield of more than 95% within several hours and
with a volumetric productivity of more than 6 gram per liter and per hour (6).
ATP REGENERATION
Next to NAD(P)+ adenosine triphosphate (ATP) is the most abundant cofactor
in nature. Also ATP dependent enzymes catalyse reactions of high industrial
relevance such as regio-specific phosphorylations, ligation reactions that drive
thermodynamically unfavourable reactions or carbohydrate activation. However,
due to the lack of cost-efficient recycling strategies for this expensive cofactor,
ATP dependent enzymes were for long time basically solely used in vivo in
fermentative processes and not for in vitro biocatalysis on industrial scale.
While ATP is in the metabolism of living organisms regenerated by oxidative
phosphorylation or photophosphorylation (24), substrate level phosphorylation
(SLP) is the by far most abundantly used strategy in academia and industry.
Various of these enzymatic in vitro ATP recycling systems have been applied
on laboratory scale (25, 26). Such systems consist of two parts: the enzyme
or enzyme cascade which recycles ATP from ADP (adenosine diphosphate) or
AMP (adenosine monophosphate), respectively, and a high-energy phosphate
donor which is added to the reaction in at least equimolar concentration to the
substrate of interest. The (cost-) efficiency of such system is therefore mainly
built by the costs of the enzyme (cost per unit of enzyme activity) and costs of
the co-substrate (cost per transferable phosphate unit). From technical point of
view, the system requires a high free energy (∆G) to enable thermodynamically
demanding reactions. Furthermore, the applied phosphate donor and the
reaction conditions required for ATP regeneration need to be compatible with
the target reaction.
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One of the systems that is already known and
used since decades is the pyruvate kinase (PK)
catalysed phosphorylation of ADP by conversion
of phosphoenol pyruvate (PEP, Figure 3) yielding
pyruvic acid (27). Due to its high intrinsic
energy (∆G = -23 kJ/mol) (28), PEP drives ATP
dependent reactions efficiently. Nevertheless,
the high costs of commercially available PEP
(16 k€/kg or ca. 3200 €/mol, Table 2) limited
the use of the system so far to laboratory scale
research. Recent developments at InnoSyn in
cost-efficient PEP synthesis offer nevertheless
the opportunity also for industrial scale use of
this most energetic ATP regeneration system.
Besides
PEP,
the
phosphate
donor
polyphosphate received increasing attention
during the last years (24,29). The enzyme
polyphosphate kinase (PPK), whose major role
in nature is the formation of polyphosphates
from ATP as energy storage material, is used
to transfer a terminal phosphate group of
polyphosphate to the substrate of interest.
While the costs of polyphosphate are
unbeatable favourable, the system has the
major disadvantage of the relatively low energy
of the phosphate transfer (∆G = ≤ -2.9 kJ/mol)
(28), which significantly limits the efficiency
of the system. While pyruvate kinase has
a high affinity for PEP (KM = 0.07 mM), and
therefore uses available PEP quantitatively,
polyphosphate kinase cannot use short chain
polyphosphates which therefore accumulate
in the reactions and can create challenges
for downstream processing and waste-water
treatment.
We focused our efforts on PEP/PK system
and produced a microbial pyruvate kinase
successfully in high-cell density E. coli
fermentations. In addition, we improved the
known synthesis routes to PEP, a compound
being falsely blamed of being instable and
expensive, to such an extent that we arrived at
PEP formulations that are stable for months
and years when stored refrigerated or frozen.
In our cost calculations the price for PEP could
be up to two orders of magnitude lower than
the current commercial PEP prices, bringing the
PEP price clearly below the lab-scale prices of
ATP or ADP (Table 2). With these two essential
elements PEP and PK available we investigated
the ATP dependent synthesis of L-glutamine
from L-glutamate and ammonia catalysed
by glutamine synthetase. L-Glutamine (Gln)
lab-catalogue prices are approximately 10fold higher than the ones for L-glutamate,
probably also because of the almost 2000-fold
lower fermentative production capacity of Gln
compared to Glu, making the ATP energy driven
amidation of Glu to Gln an interesting approach.
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Figure 3. ATP recycling by phosphoenol pyruvate (PEP) and pyruvate kinase technology
for phosphorylation or other energy/ATP-hydrolysis driven enzyme reactions.

Starting from 20 mmol/l glutamate and only 0.05 mmol/l ADP we could produce
15 mmol/l glutamine meaning that the ADP was up to 300 times to supply and
recycle ATP for the synthetase reaction. Currently we are evaluating other, more
relevant ATP dependent reactions and strategies to further increase the number
ADP recycles at as low as possible PEP loadings.
2-KETOGLUTARATE SUPPLY FROM L-GLUTAMATE
A wide range of oxygenase enzymes use 2-ketoglutarate (2KG) as cosubstrate for their oxidative reactions including hydroxylation, desaturation,
epoxidation and halogenation reactions (30). In the catalytic mechanism of
2KG-dependent enzymes this co-substrate serves as electron donor for the
(oxy-)functionalization of non-activated C-H bonds and is decarboxylated to
succinic acid. 2KG is far less expensive than the nucleotide co-substrates
ATP and NAD(P)H and companies like Merck Sharp & Dohme have applied
it successfully in at least stoichiometric amounts for the production of a
hydroxy-pipecolic acid at least at pilot plant scale (11) using an engineered proline
hydroxylase (31).
For chemical products outside the pharmaceuticals segment it is however
desirable to supply the 2KG from cheaper alternative sources. The
predominantly investigated and applied approach (by e.g. Ajinomoto)
is tapping off 2KG from the TCA cycle of living Escherichia coli or other
bacterial cells; the decarboxylated succinic acid being recycled via the TCA
cycle activities back to 2KG under the consumption of metabolic energy and
carbon sources such as glucose (12).
As alternative to such an in vivo approach we wanted to establish a more flexible
and less inhibition sensitive in vitro approach to supply 2KG from cheap and
abundantly available L-glutamate (Glu). Glu is available at low single-digit €/
kg or $/kg prices from industrial fermentations, where it is produced mainly
as feed and food additive (MSG). Via oxidative deamination catalysed by, for
instance, L-glutamate oxidase (LGOX), 2-ketoglutarate can be obtained from
L-glutamate and O2 forming ammonia and hydrogen peroxide as by-products.
We established this reaction system with LGOX and catalase, which is required
to recycle H2O2 back to oxygen and water, by fermentative production of both

Figure 4. Supply of 2-ketoglutarate (2KG) from L-glutamate by L-glutamate oxidase
(LGOX) and catalase for the SadA catalysed hydroxylation of N-succinyl-L-valine in
β-position.
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enzymes in recombinant E. coli strains and
reaction engineering to supply oxygen into the
reaction in a sufficient and safe manner. The
2KG-dependent enzyme reaction was coupled
to the β-hydroxylation of succinyl-L-valine
catalysed by the enzyme SadA (32) to render
the tertiary alcohol product β-hydroxy-L-valine
in its N-succinylated version (Figure 4). In the
course of the reaction optimization it became
clear that both enzymes, LGOX and SadA had
quite different biochemical optima and large
differences in efficiency (33). While the LGOX
reaction gave quantitative 2KG yields even at
0.5-1.0 mol/l Glu concentrations within several
hours, a comparable SadA enzyme loading
resulted in 15-20 mmol/l for succinylated
hydroxy-valine within the same reaction time.
In addition, SadA was inactivated by low
residual H2O2 concentrations that were not
completely removed by the catalase. Therefore,
we executed the reactions as a sequential onepot/two-step cascade instead of the originally
envisioned one-pot/one-step cascade, simply
diluting the LGOX reaction mixture without
further purification but only pH adjustment into
the subsequent SadA reaction module.
This way the highly efficient LGOX cascade
module (space-time yields around 14 g per liter
and per hour) can be connected to numerous
other enzymes reactions that require 2KG
such as other hydroxylases, halogenases,
epoxidases or desaturases.
UDP-GLUCOSE SUPPLY AND RECYCLING
Activated sugars such as UDP-glucose are
required to biocatalytically produce glycosylated
products of diverse compound classes.
For instance, di- and oligo-saccharides, API
metabolites and modified plant natural products
can be produced regio- and chemo-selectively
using glycosyl-transferases in combination
with the respective nucleotide sugars. The price
and the availability of the nucleotide sugars
prevent their stoichiometric use and require
their biocatalytic supply and recycling. We
studied the scalability and efficiency of such
glycosylations for the glucosylation of phloretin
to nothofagin using the C-glucosyltransferase
from rice OsCGT (34). Non-glucosylated UDP
and sucrose served as substrates for a variant
of the bacterial Sucrose Synthase (SuSy from
Acidithiobacillus caldus) (35) to produce the
first molecules of UDP-glucose for the glucosyl
transferase (Figure 5). Remarkably, OsCGT
forms a carbon-carbon bond between phloretin
and glucose to furnish nothofagin while for
instance the O-glucosyl-transferase from pear
converts the same substrates to phlorizin, the
corresponding O-glucoside (36), underlining the
exquisite selectivities of enzyme.
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Figure 5. Regio- and chemoselective glucosylation of phloretin to nothofagin catalysed by
rice C-glycosyltransferase (OsCGT) using UDP-glucose supplied and recycled by a bacterial
sucrose synthase (SuSy) and sucrose as co-substrate producing fructose as by-product.

The researchers of the Nidetzky group already achieved high product yields
and concentrations of more than 100 mmol/l (almost 50 g/l) and decent spacetime yields of about 2 g per liter and per hour on 1 l-reactor scale (34), but used
dimethyl sulfoxide (DMSO) and/or cyclodextrins to solubilize the hydrophobic
substrate in the aqueous reaction mixture. To demonstrate the industrial scalability
of this technology we, however, wanted to use an easier to separate solubilizer
and found that 10% (v/v) acetone was well tolerated by OsCGT and the SuSy and
could substitute the 2-hydroxypropyl-β-cyclodextrin substrate inclusion complex. At
comparable space-time yields the maximal substrate and product concentrations
where somewhat compromised by this replacement, but substrate concentrations
of 50-70 mmol/l were still feasible using crude enzyme formulations of OsCGT and
SuSy produced in 10 l batch E. coli fermentations. Moreover, the switch enabled
the nothofagin product isolation by extraction with butanol or tetrahydrofuran and
solvent evaporation compared to the 4-step purification including chromatography
originally reported by Schmölzer and co-workers. Finally, we could isolate more than
10 grams of nothofagin from a 1 l reaction using our simplified reaction and downstream processing procedure, each with a (still optimizable) yield of about 85%.
CONCLUSIONS
In the last decades numerous reductive NAD(P)H dependent enzymatic processes
implemented in the chemical industry (especially in the pharmaceutical sector)
have paved the way for the acceptance of more complex co-factor or co-substrate
dependent processes. The scientific developments in academia have been picked
up by technology providing companies and the large chemical industry. Again,
the pharmaceutical sector was often pioneering in the implementation of new
enzyme classes and reaction types, but the more cost-price demanding chemical
sectors have profited from these developments and picked up the technologies
for their processes and products. We are therefore confident that the co-factor or
co-substrate dependent enzyme classes described in this overview will finally also
find their application in specialty and bulk chemicals production.
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