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1. INTRODUCTION
Industrial biocatalytic processes continue to become increasingly common as interest in the area multiplies
(Faber 2000, Koeller & Wong 2001, Schmid et al. 2001, Schoemaker et al. 2003).  This interest is driven
by recent advances in genomics and genetic engineering coupled with the need for more selective, safer, and
cleaner reactions.  Enzymes as catalysts meet many of the needs of industrial processes.  However, most of
the biocatalysts in current use are limited to cofactor-independent enzymes such as hydrolases, which
perform relatively simple chemistry (Faber 2000).  In contrast, cofactor-dependent enzymes, such as
oxidoreductases and transferases, can perform more complex chemistry.  Many of these reactions are
synthetically useful.  For example, nicotinamide adenine dinucleotide/(NAD)dependent oxidoreductases catalyze
the asymmetric reduction of carbonyl groups to alcohols and amines (Stewart 2001, Li et al. 2002) and
acetyl-Coenzyme A-dependent (AcCoA) synthetases catalyze asymmetric carbon-carbon bond formation
(Patel et al. 1986, Ouyang et al. 1990, Jossek & Steinbuchel 1998, Satoh et al. 2003).  However, because
these enzymes use cofactors, they have seen little use in large-scale applications.

Cofactors such as NAD and AcCoA are low molecular weight compounds that are essential for many
enzymatic reactions.  Some cofactors such as adenosylcobalamin, pyridoxal phosphate, biotin, and
flavins are tightly bound to the enzymes and are self-regenerating in most cases.  However, other
cofactors such as pyridine dinucleotides (NAD(P)(H)) and nucleoside triphosphates (NTPs) act more
like cosubstrates.  They are loosely bound (KD ~ µM-mM) and act as functional group transfer agents,
and therefore are consumed in stoichiometric amounts (Chenault et al. 1988).  The limited use of
enzyme-cofactor reactions in industry stems from the high cost of cofactors, which ranges from $30/
mmol for NAD, to several orders of magnitude more expensive for cofactors such as AcCoA and 3-
phosphoadenosine-5'-phosphosulfate (PAPS).  This high cost prohibits stoichiometric addition of cofactors,
so they must be regenerated in situ for any large-scale reaction.  Cofactor regeneration can also drive
the reaction to completion, simplify product isolation, and allow the removal of inhibitory cofactor by-
products, further reducing the cost of synthesis (Chenault et al. 1988).  Various methodologies of
cofactor regeneration have been developed to allow the use of catalytic amounts of cofactors (Chenault
& Whitesides 1987, Chenault et al. 1988, Wong & Whitesides 1994, Koeller & Wong 2001, van der
Donk & Zhao 2003, Zhao & van der Donk 2003) and many are described in this chapter.

In order for cofactor regeneration to be economical and practical, several requirements must be met.
First and foremost, the total turnover number (TTN) or the total number of moles of product formed
per mole of cofactor during the course of a complete reaction must be high (Chenault & Whitesides
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1987, Chenault et al. 1988).  TTNs of 103 to 105 are often large enough to make a regenerative process
economically viable.  However, this depends greatly on the cost of the cofactor in comparison with the
value of the product being produced.  If the value of the product is high, this number may be lower.
Conversely, if the cofactor is more costly, this number may need to be higher.  The TTN of regeneration
reflects several important factors such as concentration and degradation of the cofactor over time,
regioselectivity of regeneration, rate of catalysis, and time of reaction.  Additionally, the availability of
regenerative enzymes or reagents and their stability under process conditions is an important concern.
The equipment must also be readily available, inexpensive, and easy to operate.  The regeneration step
should be favorable both kinetically and thermodynamically.  Reagents or by-products of the reaction
should not interfere with product isolation or the other components of the system (i.e. regeneration
cosubstrate or product should not interfere with synthetic enzymes) unless they can be easily removed
(e.g. by ultrafiltration in a continuous flow reaction).

In order to meet all of the criteria listed above, enzymatic reactions are usually the choice for cofactor
regeneration.  The primary factor is selectivity, which must be 99.99993% correct in order to reach a
TTN of 106 (Chenault & Whitesides 1987, Chenault et al. 1988).  There are very few examples where
a catalyst other than an enzyme is this efficient.  Chemical and electrochemical strategies often lack this
high selectivity and are frequently incompatible with the other components of enzymatic reactions.
However, in some cases chemical regeneration is as efficient as or better than the best enzymatic
process and some examples are presented below as in the regeneration of AcCoA.  As listed in Table 1,
methods of regeneration have been described for oxidoreductions with NAD(P)(H), phosphoryl transfer
reactions with nucleoside di- and triphosphates (NDP, NTP), glycosylations with sugar nucleotides,
sulfuryl transfer reactions with PAPS, and acyl transfer reactions with AcCoA.  Many of these have
been successfully implemented in large-scale synthesis.  Herein we discuss what we believe to be the
current best, most widely used, and most interesting regeneration systems for these cofactors.  Not
discussed are methods that are of little utility or cofactors such as S-adenosyl methionine (SAM), which
cannot currently be regenerated in situ.

2. NAD(P)(H) REGENERATION
The nicotinamide cofactors NAD(P)(H) play a pivotal role in numerous biochemical oxidation and
reduction reactions.  Generally, NAD(H) functions in dehydrogenase (DH)-catalyzed reactions involved
in biodegradation reactions whereas NADP(H) functions in DH-catalyzed reactions involved in
biosynthesis.  Both cofactors are involved in a broad range of synthetically useful redox reactions.

Several enzymatic methods have been developed for the regeneration of NADH, such as reduction with
formate/formate dehydrogenase (FDH), glucose/glucose dehydrogenase (GDH), glucose/glucose-6-
phosphate dehydrogenase (G6PDH), and isopropanol/Pseudomonas alcohol dehydrogenase (ADH).  The
most widely used method for NADH regeneration uses formate dehydrogenase (FDH) isolated from
Candida boidinii to convert formate into carbon dioxide (Wichmann et al. 1981).  Degussa currently
produces L-tert-leucine on an industrial scale using FDH to regenerate NADH (Bommarius et al. 1998).
Continuous large-scale enzymatic regeneration systems typically use ultrafiltration (UF) membrane reactors
in which the enzymes and cofactors are retained within the reactor. The cofactor NADH is usually
covalently coupled to a large macromolecule such as polyethylene glycol (PEG) to increase its effective
size such that it is larger than the molecular weight cut-off of the UF membrane. Various other reactor
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configurations have been reviewed elsewhere (Devaux-Basseguy et al. 1997, Leonida 2001).  Advantages
of the FDH regeneration system include the use of formate as an inexpensive, stable, innocuous substrate
and the production of CO2, which can be easily removed from the reaction.  Disadvantages of FDH are
its initial expense, low specific activity (~ 6 U mg-1) (Slusarczyk et al. 2000), and general sensitivity to
organic solvents.

NADP-dependent enzymes are far less common than their NAD-dependent counterparts (Faber 2000).
Two general regenerative approaches have been used for NADP-dependent enzymes. The first strategy
focuses on regenerating NADPH using G6PDH, ADH from Thermoanaerobium brockii or an engineered
FDH that can accept NADP+ instead of its natural substrate NAD+ (Tishkov et al. 1999). G6PDH

Table 1. Common cofactors required for biotransformation and their representative in situ
regeneration methods (Table adapted from Zhao & van der Donk 2003).

Cofactor Reaction type Representative regeneration method Reference

NAD+ Removal of hydrogen Glutamate dehydrogenase with (Lee & Whitesides
α-ketoglutarate 1986)

NADH Addition of hydrogen Formate dehydrogenase with formate (Wichmann et al.
1981)

NADP+ Removal of hydrogen Glutamate dehydrogenase with (Lee & Whitesides
α-ketoglutarate 1986)

NADPH Addition of hydrogen Glucose dehydrogenase with glucose (Wong et al. 1985)

ATP Phosphoryl transfer Acetate kinase with acetyl phosphate (Crans & Whitesides
1983)

Sugar Glycosyl transfer Bacterial coupling (Koizumi et al. 1998)
nucleotides

CoA Acyl transfer Phosphotransacetylase with (Billhardt et al. 1989)
acyl phosphate

PAPS Sulfuryl transfer Aryl sulfotransferase IV with (Burkart et al.
p-nitrophenyl sulfate 1999)

SAM Methyl transfer No demonstrated method (Koeller & Wong
2001)

Flavins Oxygenation Self-regeneration* (Faber 2000)

Pyridoxal Transamination Self-regeneration (Faber 2000)
phosphate

Biotin Carboxylation Self-regeneration (Faber 2000)

Metal Peroxidation, Self-regeneration (Faber 2000)
porphyrin oxygenation
complexes

*: Many flavin-dependent mono- or di-oxygenases require additional NAD(P)H as an indirect reducing agent.
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catalyzes the oxidation of glucose-6-phosphate to 6-phosphoglucolactone, which spontaneously hydrolyzes
to the corresponding gluconate.  The enzyme from Leuconostoc mesenteroides accepts both NAD+ and
NADP+ whereas yeast-G6PDH accepts only NADP+. Although the specific activity of G6PDH is quite
high compared to FDH, a major disadvantage of this method is the high cost of glucose-6-phosphate.
The current best method for NADPH regeneration is based on the engineered FDH isolated from
Pseudomonas sp. 101 (mut-Pse FDH), which is available from Jülich Fine Chemicals (Jülich, Germany).
In the second general approach, the production enzyme is engineered so that it can utilize NAD+. This
approach eliminates the need for more costly NADP+ cofactor and allows the use of the more stable
NAD+ cofactor.

A particularly promising new method for NAD(P)H regeneration uses a newly discovered enzyme,
phosphite dehydrogenase (PTDH) (Costas et al. 2001, Vrtis et al. 2001) (Fig 1).  This enzyme catalyzes
the nearly irreversible oxidation of phosphite to phosphate.  Although the wild type PTDH has a preference
for NAD+ over NADP+ by about 100-fold, a mutant PTDH was created by rational design with relaxed
specificity toward both nicotinamide cofactors (Woodyer et al. 2003).  The mutant PTDH has a similar
specific activity toward NAD+ as FDH, and a 33-fold higher catalytic efficiency toward NADP+

(kcat/KM,NADP) than mut-Pse FDH with a comparable turnover number. Thus, the mutant PTDH can
efficiently regenerate both cofactors. This phosphite/PTDH system has features similar to the formate/
FDH system, including inexpensive substrate, easily removable byproduct, and both substrate and
byproduct are innocuous to enzymes.

Figure 1.  Enzymatic regeneration of reduced nicotinamide cofactors using the phosphite/phosphite
dehydrogenase method.
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3. NAD(P)+ REGENERATION
Although NAD(P)H regeneration has been heavily investigated, methods of recycling NAD(P)+ in situ
remain far fewer and less developed.  Motivation to develop a practical regeneration scheme for NAD(P)+

stems from the potential to either synthesize ketones, which can be difficult to create chemically or use
DHs to resolve racemic mixtures of chiral alcohols and amines. The best general method for NAD(P)+

regeneration has been achieved by using glutamate dehydrogenase (GluDH) to catalyze the oxidation of
ammonium α-ketoglutarate to glutamic acid.  Disadvantages of GluDH are its moderate specific activity
(40 U/mg) and its by-product, glutamate, which can complicate product isolation (Chenault et al. 1988).

4. ATP/NTP REGENERATION
Nucleoside triphosphates (NTPs) are utilized as sources of nucleosides, nucleoside phosphates and
phosphate in living organisms.  NTPs, particularly adenosine triphosphate (ATP) can be used as cofactors
to phosphorylate compounds or enzymes frequently making high-energy bonds. Other NTPs such as
uridine triphosphate (UTP) and cytidine triphosphate (CTP) usually form activated intermediates by
donating the nucleoside phosphate moiety. For example, CTP activates choline by the formation of
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CDP-choline for the synthesis of phospholipids. ATP is one of the cheapest cofactors, costing about
$11/mmol, while other NTPs cost around $160/mmol (Sigma catalog 2003). Consequently, ATP is more
frequently used as a phosphorylating agent and it has received more attention than other NTPs. The
products of NTP catalyzed reactions are usually the corresponding nucleotide diphosphates (NDPs) or
monophosphates (NMPs) and regeneration of these to the NTPs would allow recycling.

Several enzymatic and whole-cell based methods have been described for regeneration of ATP from
ADP or AMP.  Due to the high specificity of these systems, chemical methods are inferior and will not
be discussed here.  However, it should be noted that production of nucleotide analogs by chemical
synthesis has been very successful for treatment of cancer and viral diseases such as HIV (Gulick
2003).  There are four enzymes commonly employed in the regeneration of ATP from ADP, including
the use of phosphoenolpyruvate (PEP) in a coupled reaction catalyzed by pyruvate kinase (PK),
acetylphosphate coupled with acetate kinase (AK), creatine phosphate (CP) coupled with creatine kinase
(CK), and polyphosphate (pPi) coupled with polyphosphate kinase (PPK).  Since these enzymes have
broad substrate specificities, other NTPs such as guanosine 5'-triphosphate (GTP), UTP and CTP can
be regenerated by these ATP regeneration methods.

PK catalyzes the phosphoryl transfer from PEP to ADP to produce ATP and pyruvate.  This method has
been coupled to several enzymatic syntheses at 50-900 mmol scale (Gross et al. 1983, Bolte & Whitesides
1984, Bednarski et al. 1988) and typically the TTNs are on the order of 100. The advantage of this
system is that the reaction has a favorable Keq and PEP is very stable.  The disadvantages are that PEP
is very expensive and the product of reaction (pyruvate) inhibits PK. PEP can be prepared on the mole
scale from pyruvate (Hirschbein et al. 1982), cutting down its cost as a substrate.  PPK catalyzes the
transfer of phosphoryl groups from pPi to ADP to form ATP.  pPi is a low cost and high stability linear
polymer of orthophosphate, which has high-energy phosphoanhydride linkages (Kornberg 1995, Kuroda
& Kornberg 1997, Shiba et al. 2000).  PPK/pPi has been used in several ATP regeneration schemes
including those where ATP is regenerated from AMP and are discussed in more detail below. The
biggest advantage of this system is that polyphosphate is by far the cheapest phosphoryl donor per
phosphate of any ATP regeneration system.  AK catalyses the hydrolysis of acetylphosphate with transfer
of the phosphoryl group to ADP to form ATP and acetate.  This method was once the most widely used
method, primarily because acetylphosphate (also used for AcCoA regeneration, see below) can be
prepared cheaply and easily on the mole scale (Crans & Whitesides 1983). However, due to the very fast
hydrolysis of acetylphosphate, with a half-life of less than nine hours in neutral solution (Zhang
et al. 2003), this regeneration scheme cannot be used for long-term regeneration. Finally, CK catalyzes
the phosphoryl transfer from creatine phosphate to ADP forming creatine and ATP. This reaction occurs
with a high Keq because the free energy of hydrolysis of creatine phosphate is higher than that of ATP by
about –13 kJ/mol (the same as acetyl phosphate, but smaller than –30 kJ/mol of PEP) (Zhang et al.
2003). This method has been used to regenerate ATP in the synthesis of fructose 1,6-diphosphate
(Sakata et al. 1981) and to regenerate ATP, CTP, and UTP in the synthesis of sugar nucleotides (discussed
further below) (Zhang et al. 2003) achieving TTNs of around 10.  The expense of both the enzyme and
substrate for this system are low and the enzyme has broad nucleotide specificity and therefore this
regeneration method deserves further attention in the future.

The ATP regeneration methods discussed above are effective for enzyme-catalyzed synthesis.  However,
an additional method has been developed specifically for cell-free protein synthesis (Kim & Swartz
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2001).  The methods above are not well adapted to this application because the accumulation of phosphates
in the cell-free system will eventually inhibit protein synthesis and uncoupled enzymes in the cell extracts
would degrade the phosphoryl regeneration substrates (Kim & Swartz 2001).  This novel ATP regeneration
approach takes advantage of the enzymes normally present in cell extracts, and rather than using expensive
phosphoryl sources such as PEP or creatine, it utilizes glycolytic intermediates such as glucose-6-
phosphate.  In this study it was discovered that endogenous enzymes convert pyruvate into acetylphosphate
upon NAD+ addition.  Acetylphosphate then regenerates ATP by endogenous acetate kinase.  Furthermore,
glucose-6-phosphate can regenerate ATP in two steps by being first converted into pyruvate and then
acetate. The economic efficiency of cell-free protein synthesis will be improved by this system.  This
improvement results from the lower cost of the substrates used in this system and either comparable or
higher synthetic protein yield (for pyruvate/NAD+ or for glucose-6-phosphate/NAD+, respectively) than
systems using PEP (Kim & Swartz 2001).

There has also been a significant interest in regenerating NTPs from the corresponding NMPs.  Many
ATP-dependent enzymes produce AMP rather than ADP making an efficient method for regenerating
ATP from AMP highly desirable.  It has been shown that AMP can be converted to ADP by adenylate
kinase (AdK), which converts one ATP and one AMP to two ADPs.  This enzyme was used in combination
with AK and acetylphosphate to convert AMP into ATP in a bioreactor at 99 % yield for six days (Kondo
et al. 1984).  Drawing upon this principle, Whitesides and coworkers (Kim & Whitesides 1987, Simon
et al. 1988) created a NMP regeneration system based on AdK and PK with PEP as the phosphoryl
donor. This system was further used to regenerate CTP from CMP for production of CMP-N-
acetylneuraminic acid (CMP-NeuAc) by CMP-NeuAc synthetase from NeuAc and CTP in batch reactions
on the gram scale (Simon et al. 1988).  A novel enzymatic method using pPi as a phosphoryl source has
also been used for the regeneration of CTP from CMP (Ishige et al. 2001).  In this scheme, the collective
activity of PPK and CMP kinase from E. coli converts CMP into CDP, while PPK further phosphorylates
CDP to CTP.  This regeneration system was coupled with CMP-NeuAc synthetase to synthesize CMP-
NeuAc.  CMP-NeuAc can also be produced by a recombinant E. coli strain containing an acetylphosphate/
acetate kinase-based ATP regeneration system (Lee et al. 2002).  More details about these systems will
be discussed in the sugar nucleotide section.

An important advance in ATP regeneration from AMP is the use of inorganic pPi and the enzyme
polyphosphate-AMP phosphotransferase (PAP) (Resnick & Zehnder 2000, Kameda et al. 2001).  Using
pPi with PAP and AdK, Resnick and Zehnder (Resnick & Zehnder 2000) designed an ATP regeneration
system in which AMP is converted to ADP by PAP.  AdK then converts two ADPs into one AMP and
one ATP.  This regenerative system was successfully applied to the synthesis of glucose-6-phosphate
with hexokinase, which produces ADP, thus the only AMP created comes from AdK.  The advantage of
this over previous approaches lies in the use of relatively inexpensive AMP and poly(P) as the substrates.
The drawbacks of this system are the low TTN of 3–4 and the need for a cloned PAP gene.  A similar
process was developed in which PAP and a recombinant PPK from E. coli were used together to
regenerate ATP from AMP and pPi (Kameda et al. 2001).  This method was coupled with acetyl-CoA
synthase to synthesize AcCoA (described in AcCoA section) and inorganic pyrophosphatase (PPase)
helped to alleviate the inhibitory effect of pyrophosphate and to provide an additional driving force in this
method (Fig 2).  This approach has several advantages, including a TTN of 40 for ATP, low cost of the
phosphate donor pPi, and loose substrate specificity that allows regeneration of guanosine triphosphate
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(GTP) from GMP using the same system.  Unfortunately, PAP and PPK are both specific for their
particular nucleotide substrate (NMP and NDP, respectively) (Ishige & Noguchi 2000).  Consequently,
NTP regeneration from NMP requires two enzymes at this point.

The regeneration of ATP and other NTPs from their corresponding NDPs is now a routine process
using a selection of several enzymes.  The most widely used enzyme is PPK with pPi as a substrate.
This method uses low cost substrate and when coupled with PAP, regeneration of NMPs is also possible.
An interesting endeavor would be to engineer a PPK that could phosphorylate both NMPs and NDPs,
thus allowing a one-enzyme conversion to NTPs.  For cell-free protein synthesis, a novel ATP regeneration
method using glycolytic intermediates was developed for cost-effective synthesis.  One of the remaining
challenges for ATP regeneration is the production of immobilized derivatives with high activity.
Unfortunately, most immobilization methods for nucleotides cause a significant loss in biological activity.

5. SUGAR NUCLEOTIDE REGENERATION
There is an increasing interest in glycobiotechnology as glycoconjugates and polysaccharides are being
explored as potential pharmaceuticals (Thematic Issue 2001, Zhang et al. 2001, Nahalka et al. 2003).
This research has resulted from discovery of their roles in transmembrane signaling, molecular recognition
(especially in bacterial and viral infections), tumor development, and many other physiological and
pathological pathways.  Of the many known potential sugar-based drugs, only a few have been used in
pharmaceutical industry due to the complexity of their chemical synthesis and other limiting factors like
the high cost of individual oligosaccharides.  In order to overcome the complexity of carbohydrates and
their synthesis, biosynthetic pathways are usually used for their synthesis. There are many methods
developed for oligosaccharide synthesis. However, the Leloir-glycosyltransferase mediated method,
with its high regioselectivity and stereoselectivity, is acknowledged as the most useful approach for
large-scale preparation (Bulter & Elling 1999, Thematic Issue 2001, Nahalka et al. 2003).  The down
side to this methodology is that glycosyltransferases require a sugar nucleotide as donor substrate.  In
order to make the process economically feasible, the sugar nucleotide must be regenerated in situ by
recycling the nucleotide moiety.  There are many possible sugar nucleotides in different organisms that
could act as donors for glycosyltransferases in the biosynthesis of oligosaccharides.  However, the
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Figure 2.  The PAP-PPK ATP regeneration system from AMP coupled with the acetyl-CoA synthetic
reaction adapted from (Kameda, Shiba et al. 2001).
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primary research interest to this point has been the nine sugar nucleotides that function as donor substrates
in mammalian systems, including CMP-NeuAc, UDP-glucose (UDP-Glc), UDP-galactose (UDP-Gal),
UDP-glucuronic acid (UDP-GlcUA), GDP-mannose (GDP-Man), GDP-fucose (GDP-Fuc), UDP-N-
acetylglucosamine (UDP-GlcNAc), UDP-a-D-xylose (UDP-Xyl) and UDP-N-acetylgalactosamine (UDP-
GalNAc) (Ichikawa et al. 1994, Bulter & Elling 1999, Liu et al. 2002).  A detailed review of the enzymatic
synthesis of each of these sugar nucleotides has been recently published (Bulter & Elling 1999).

Regeneration of UDP-Gal, UDP-Glc, UDP-GlcNAc, CMP-NeuAc and GDP-Fuc for preparative functions
has been the focal point of several new approaches.  Bacterial coupling may be the most notable approach.
In this technique, combinations of different strains are used together to produce the final product from
whole cells. For instance, Corynebacterium ammoniagenes can produce UTP from orotic acid by
producing UMP, which is converted inside the cell to UDP and then UTP.  This strain has been coupled
with recombinant E. coli strains expressing the enzymes required for sugar nucleotide generation (Fujio
& Maruyama 1997; Fujio et al. 1997).  Since all of the regenerative and synthetic catalysis occurs inside
the cells, no enzyme purification has to be preformed.  However, the cells often have to be permeabilized.
Using this approach, sugar nucleotides including UDP-Gal (44 g l-1), CMP-NeuAc (17 g l-1), UDP-
GlcNAc (7.4 g l-1) and GDP-Fuc (18.4 g l-1) have been successfully produced on a large-scale (Koizumi
et al. 1998, Endo et al. 1999, 2000, Koizumi et al. 2000, Tabata et al. 2000).  This method has also been
shown to be an effective method for making CDP-choline (11 g l-1), which is an important intermediate
in phospholipid biosynthesis and is given as a treatment for brain injuries (Fujio & Maruyama 1997,
Fujio et al. 1997).  As shown in Figure 3, this method was used to obtain CMP-NeuAc by the combination
of C. ammoniagenes and two E. coli strains; one expressing CTP synthetase (converting UTP to CTP)

Figure 3. A CMP-NeuAc regeneration system by bacterial coupling.  The system consisted of C.
ammoniagenes that converts orotic acid into UTP and two recombinant E. coli strains expressing the
CTP synthetase gene (pyrG) from E. coli K12 and the CMP-NeuAc synthetase gene (neuA) from E. coli
K1, respectively.  Further coupling of a recombinant E. coli strain over-expressing the ααααα-(2, 3)-
sialyltransferase gene from N. gonorrhoeae led to the large scale production of 3’-sialyllactose using
NeuAc, orotic acid and lactose (LAC) as substrates (adapted from Endo et al. 2000).

α-(2 ,3 )-s
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and the other expressing CMP-NeuAc synthase (converting NeuAc and CTP to CMP-NeuAc) (Endo et
al. 2000).  Coupling of these CMP-NeuAc or GDP-Fuc regeneration systems with other recombinant E.
coli strain(s) over-expressing the desired glycosyltransferase(s) allowed the large-scale production of
important oligosaccharides including globotriose, 3'-sialyllactose and Lewis X (Endo et al. 2000, Koizumi
et al. 2000) as well as the sialyl-Tn epitope of the tumor-associated carbohydrate antigen (Endo et al.
2001) and NeuAc (Tabata et al. 2002).

Bacterial coupling is one of the most efficient methods for sugar nucleotide regeneration, especially
when one considers that the enzymes do not have to be purchased or purified and the starting materials
are often inexpensive.  However, there are a few drawbacks to the method as well, including the need to
permeabilize certain strains and the slow transport of intermediates in other strains. Additionally, many
bacteria have different optimal growth conditions and thus compromises sometimes have to be made
for fermentation of several strains at once. One possible solution to these problems is a new approach
using a single recombinant bacterial strain or “superbug”. This method has been recently demonstrated
(Chen et al. 2001, Chen et al. 2002, Lee et al. 2002) where one strain contains all the necessary enzymes
for sugar nucleotide regeneration and oligosaccharide synthesis. CMP-NeuAc regeneration (Lee et al.
2002) was achieved by cloning and expressing CMP kinase, sialic acid aldolase and CMP-NeuAc synthetase
in a single E. coli strain.  In this system several biomedically important trisaccharides were produced by
simply choosing different galactosyltransferases. Once these recombinant strains were created they
were used for large-scale production of Galα1,4Lac (globotriose) and Galα1,3Lac (α-Gal epitope)
while regenerating UDP-Gal in a two-step process. The engineered strains were first fermented and
then harvested, permeabilized, and used as whole-cell biocatalysts for oligosaccharide synthesis. Similarly,
the α-Gal epitope was produced when a biosynthetic pathway was created from five genes from the
Galα1,3Lac producing pathway and transferred into an E. coli strain (Chen et al. 2002).

When weighed against the whole-cell based approaches, enzymatic methods can offer more flexibility
for sugar nucleotide regeneration and oligosaccharide synthesis in some cases.  Additionally, using
immobilized enzymes allows greater productivity and a simplified process for product isolation when compared
to the whole cell methods. A cost-effective enzymatic UDP-Gal regeneration method was developed by
Wang and coworkers (Liu et al. 2002, Nahalka et al. 2003) in which seven enzymes involved in the biosynthesis
of UDP-Gal were immobilized onto nickel agarose beads (“superbeads”).  First, the genes were cloned,
expressed, and purified individually as 6His-tag fusions.  Then the corresponding enzymes were immobilized
by their 6His-tags to the nickel containing beads (Chen et al. 2001) by simply mixing them in the desired
amounts.  Incubating equal amounts of UMP and galactose with catalytic quantities of ATP and glucose-1-
phosphate, resulting in the formation UDP-Gal with a 50 % yield based on UMP.  Later, this methodology
was used for the preparation of several oligosaccharides including globotriose and the α-Gal epitope (Nahalka
et al. 2003).  Ishige and coworkers (2001) described a new efficient enzymatic method for CMP-NeuAc
regeneration based on purified enzymes.  In this method, the gene encoding a novel CMP-NeuAc synthetase
was cloned and the corresponding enzyme was coupled with the pPi/PPK enzymatic CTP regeneration
system discussed in the previous section.  Zhang and coworkers also described preparation of CMP-NeuAC
by CMP-NeuAc synthetase, where they used AdK and CK in the presence of CP to regenerate the CTP to
form CMP-NeuAc, which was used to synthesize 3’-sialyllactose. This same regeneration system was used
to regenerate UTP from UDP to make UDP-gal, which was used to make α-Gal epitope with the cloned
galactosyltransferase (Zhang et al. 2003).
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As mentioned above, there are nine sugar nucleotides donors involved in mammalian glycobiology.
However, there are other sugar nucleotides that have gained some interest.  For example, the dTDP- and
UDP-activated deoxyhexoses utilized in plant and bacteria secondary metabolism (Liu & Thorson 1994)
have recently received a lot of attention. They have potential applications in modifying the structures of
antibiotics that are decorated with carbohydrates (Walsh et al. 2003) possibly allowing the creation of
antibiotic analogs. Many of the glycosyltransferase genes involved have been cloned and expressed
heterologously. Additionally, the chemoenzymatic syntheses of various pyrimidine diphosphosugars
with sugar nucleotide regeneration have been reported (Stein et al. 1995, Amann et al. 2001, Jiang et al.
2001). Although there are only a few examples where sugar nucleotides have actually been regenerated
in situ, there are many newly developed sugar nucleotide production methods. Of those methods, the
whole-cell approaches, using bacterial coupling or a single strain with several genetically engineered
genes, represent the most cost-effective and efficient routes. These methods have been successfully
used to create sugar nucleotides and pharmaceutically important oligosaccharides.  Purified enzyme and
bead chemistry should not be dismissed either as it also has been proven effective at regenerating sugar
nucleotides in situ where other methods have not.  These methods will continue to improve as genomic
and proteomic researches bring about the discovery of more bacterial glycosyltransferases.  The
development of more efficient and versatile protein expression systems for these glycosyltransferases
will allow a large number of glycosyltransferases to become available, making the synthesis of very
diverse carbohydrates possible.

6. PAPS REGENERATION
Sulfated carbohydrates and glycopeptides play an important role in specific cell signaling and recognition
events of both normal and disease processes such as chronic inflammation, cancer metastasis, and
hormone regulation (Bowman & Bertozzi 1999).  The cofactor PAPS (3’-phosphoadenosine 5’-
phosphosulfate) is the universal sulfate donor in organisms.  Sulfotransferases catalyze the transfer a
sulfuryl group (SO3) from PAPS to an acceptor molecule.

Traditional regeneration schemes for PAPS involve multi-enzyme systems.  These regeneration schemes
have typically focused on the in vivo metabolic machinery of PAPS.  Key enzymes identified in the in
vivo synthesis of PAPS were ATP sulfurylase, adenosine-5’-phosphosulfate (APS) kinase, 3’-nucleotidase,
myokinase and pyruvate kinase.  However, a recent study has shown that recombinant rat liver aryl
sulfotransferase IV can be used to sulfonate 3’-phosphoadenosine-5’-phosphate from simple available
chemicals (Burkart et al. 1999).  In this cycle (Fig 4), a high concentration of p-nitrophenyl sulfate
drives the in situ regeneration of PAPS.  Coupling this regeneration reaction to the enzymatic sulfation of
N, N’,N’’, N’’’-diacetylchitobiose resulted in an 95% yield of N, N’,N’’, N’’’-diacetylchitobiose 6-sulfate
(Burkart et al. 2000).  Several other sulfated oligosaccharides and glycopeptides have been produced by
recycling the sulphotransferase cofactor PAPS.

The large-scale production of enzymatically sulfated products has been hampered by the high cost and
instability of PAPS ($27,902/mmol (Sigma catalog 2003); t1/2 = 20 h at pH 8.0). Another limiting factor
to large-scale applications has been the product inhibitory effect of 3’-phosphoadenosine-5’-phosphate.
Even micromolar concentrations of 3’-phosphoadenosine-5’-phosphate in the reaction mixture can
result in product inhibition of sulfotransferases. A practical regeneration system would remove 3’-
phosphoadenosine-5’-phosphate from preparative reactions and increase the stability of PAPS. While
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small-scale synthesis of PAPS can produce research quantities of PAPS, a multi-gram method of synthesis
has yet to be demonstrated.

7. ACETYL-COENZYME A REGENERATION
As mentioned above most enzymes used in industry are hydrolytic enzymes and there has not been any
large effort toward carbon-carbon bond formation in biocatalysis.  This is in part due to the small
number of commercially available enzymes that catalyze these reactions.  However, the larger problem
is that cofactors are often required in these reactions.  In fatty acid, cholesterol/steroid, and polyketide
biosynthetic pathways, there is a requirement for acetyl-coenzyme A (AcCoA). One of the primary
pharmaceutical targets for lowering cholesterol is hydroxymethylglutaryl-CoA reductase, which catalyses
the first committed step of cholesterol biosynthesis (Grundy 1988).  It has been estimated that about 4%
of all known enzymatic reactions require coenzyme A (CoA) in some form as a substrate (Martin et al.
1992).  CoA functions as an acyl carrier, activating acyl groups as thioesters toward nucleophilic
substitutions and Claisen or aldol condensations at the α-carbon, while serving as a good leaving group.
CoA is a very expensive cofactor at nearly $1400/mmol and the thioester forms of the coenzyme are
even more expensive (Sigma catalog 2003), making regenerative processes necessary.

There are several enzymatic and chemical methods that have been employed for the regeneration of
AcCoA from CoA. The chemical methods include reacting CoA with acyl chlorides (Seubert 1960),
acid anhydrides (Simon & Shemin 1953), N-hydroxysuccinimide esters (Al-Arif & Blecher 1969), or
thioacetic acid (Wilson 1952). Chemical acylations of CoA in general are unattractive because they
experience non-specific acylation and cannot be preformed in situ due to the use of organic solvents,
making batch extraction and acylation of CoA necessary for each turnover.  However, there are a few
notable exceptions in which the chemical regeneration of AcCoA is very attractive. Ouyang and Walt
showed that S-acylthiocholine iodide could be used to transfer acyl groups to CoA in aqueous buffer

Figure 4.  A novel PAPS regeneration method consisting of a recombinant aryl sulfotransferase and
p-nitrophenyl sulfate (Reproduced from Zhao & van der Donk 2003).
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with high efficiency (Ouyang & Walt 1991).  With these inexpensive and commercially available reagents,
they were able to charge CoA with acetyl, proponyl, butyryl, and benzoyl groups.  The reaction to form
AcCoA appeared to occur with a relatively high Keq as the reaction proceeded to apparent completion
when monitored by HPLC. They then examined the possibility of regeneration for the conversion of
oxaloacetate to citrate by AcCoA-dependant citrate synthase (CS).  By adding S-acetylthiocholine iodide,
oxaloacetate and catalytic amounts of CoA and CS, they were able to obtain citrate with a TTN for
AcCoA of 1160.  They tested this method on a second system for the conversion of carnitine to L-
acetylcarnitine catalyzed by the AcCoA-dependant carnitine acetyltransferase and were able to obtain a
TTN of 340. The same group also showed that acid anhydrides could regenerate AcCoA effectively in
a two-phase system. In the organic phase, acetic anhydride was used to acylate the phase transfer
catalyst dimethyl aminopyridine, which would then transfer to the aqueous phase and acylate CoA. This
system was used in conjunction with CS to produce citrate.  However, it required a lot of fine-tuning to
optimize the TTN, which ranged from 17 to 964. Although it would also allow diverse and unnatural
acyl groups transferred, additional challenges such as enzyme stability in trace organic solvent and acid
anhydride water stability would have to be solved.

Among the enzymatic regeneration schemes, the same enzymes are typically used for recycling AcCoA.
These have included, but are not limited to, phosphotransacetylase (PTA), carnitine acetyltransferase
(CAT), and AcCoA synthetase (ACS). PTA transfers the acetyl group of acetylphosphate to CoA to
form AcCoA with a high Keq of ~150 (Bergmeyer et al. 1963). This enzyme has been coupled with
production of citrate by CS on a small scale (0.3 mmol) and a large scale (5 mmol) with TTNs of 11,800
and 560, respectively (Patel et al. 1986).  In this same study, PTA regeneration of AcCoA was coupled
with CAT in the resolution of DL-carnitine to L-acetylcarnitine with a TTN ranging from 400 to 2,500.
Additional benefits of PTA include its ability to catalyze the transfer of some unnatural and short chain
alkanoyl groups to CoA from the corresponding phosphates (Billhardt et al. 1989).  Some problems with
PTA regeneration include the loss of enzymatic activity in solution (Billhardt et al. 1989), and the hydrolysis
of acyl phosphates in neutral solutions (Patel et al. 1986).

ACS catalyzes the coupling of a broad range of carboxylic acids to CoA in the presence of ATP (Patel
& Walt 1987).  ACS has been used to regenerate AcCoA for the production of citrate catalyzed by
CS with a TTN of 1000 for a mmol scale reaction (Patel et al. 1986).  The obvious disadvantage
of this system is that ATP is consumed by ACS and must be regenerated, used in whole cells, or
added in stoichiometric amounts. The effectiveness of ACS for regenerating AcCoA has been
shown by two groups, both for the production of poly 3-hydroxybutyric acid (P3HB).  In the first
system, AcCoA regeneration was coupled to propionyl-coenzyme A transferase and 3HB to make
3HB-CoA, which was then coupled to polyhydroxyalkanoic acid (PHA) synthase to produce P3HB
(Jossek & Steinbuchel 1998). A TTN of 60 for AcCoA by ACS in a small-scale reaction was
achieved. The second system was based on three enzymes from the P3HB biosynthetic pathway
in Ralstonia eutropha (Satoh et al. 2003). In this biosynthetic pathway (Fig 5), two regenerated
AcCoAs are condensed by β-ketothiolase to form acetoacetyl-CoA, which are then converted to
3HB-CoA by NADPH-dependent acetoacetyl reductase (phaB) and further polymerized by PHA
synthase (phaC) as in the first system.  When these three enzymes were coupled to ACS regeneration
of AcCoA, a TTN of 26 was obtained when additionally utilizing the NADPH recycling method by
glucose dehydrogenase (GDH) (described in nicotinamide regeneration section).
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Additional systems described for acyl-CoA regeneration include using CAT in the reverse reaction
(converting acyl carnitine to carnitine while producing AcCoA from CoA).  This system was used
successfully for citrate production (a TTN of 690) when coupled to CS (Billhardt et al. 1989).  This
system accepts other acyl derivatives of L-carnitine, but they are difficult to prepare and the TTN is
lower than several other systems described above.  Regeneration of succinyl-CoA was demonstrated by
α-ketoglutarate dehydrogenase (Hunter & Ferreira 1995), which catalyzes the reaction between NAD,
α-ketoglutarate, and CoA to produce succinyl-CoA, NADH, and CO2.  The synthetic utility of this
system has yet to be demonstrated and it would require the regeneration of NAD from NADH.  In
general, high TTNs have not been obtained for AcCoA or other acyl-CoA derivatives.  Using S-
acylthiocholine iodide chemical regeneration is thus by far the best non-enzymatic method, but large-
scale use requires the preparation of large amounts of S-acylthiocholine iodide.  Since AcCoA is expensive
and must be turned over many times to make a process economically feasible, it is likely that the
enzymatic and whole cell methods will prevail.  Acyl carnitine/CAT and acyl phosphate/PTA are the
most straightforward enzymatic systems for AcCoA regeneration.  However, the acyl substrates are
difficult to prepare and are unstable.  ACS does not require substrate synthesis or use unstable substrates,
but does require ATP.  Since ATP regeneration has been well studied (described in section 4), ACS may
provide an interesting alternative to CAT or PTA.  In the end, there is no clear advantage of one system
over another among these AcCoA regeneration methods.

Figure 5.  A novel AcCoA regeneration method based on the three enzymes βββββ-ketothiolase (phaA),
phaB and phaC from the P3HB biosynthetic pathway in Ralstonia eutropha.
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8. CONCLUSIONS
Although substantial progress has been made in the past two decades, further improvements on existing
regeneration methods for nicotinamide cofactors, ATP/NTP, sugar nucleotides, PAPS, and AcCoA need
to be accomplished to make their use more widespread in industrial biocatalysis.  Advances in metabolic
engineering and protein engineering will be increasingly important in making cofactors more applicable
in large-scale operations.  Future work should also focus on cofactors for which there is not a practical
regeneration method such as S-adenosyl methionine (SAM).  The development of inexpensive and
efficient in situ regeneration methods for the different cofactors should greatly expand their use in the
pharmaceutical and chemical industries in the coming years.

Abbreviations:
AcCoA acetyl-Coenzyme A
AdK adenylate kinase
ADH alcohol dehydrogenase
ADP adenosine 5'-diphosphate
AK acetate kinase
AMP adenosine 5'-monophosphate
ATP adenosine 5'-triphosphate
CK creatine kinase
CoA Coenzyme A
CP creatine phosphate
CMP-NeuAc cytidine 5'-monophosphate N-acetylneuraminic acid
C S citrate synthase
CTP cytidine 5'-triphosphate
dTTP deoxy thymidine triphosphate
DH dehydrogenase
FDH formate dehydrogenase
G6PDH glucose-6-phosphate dehydrogenase
GDH glucose dehydrogenase
GDP-Fuc GDP-fucose
GTP guanosine 5’-triphosphate
HIV human immunodeficiency virus
NAD(H) nicotinamide adenine dinucleotide (reduced form)
NADP(H) nicotinamide adenine dinucleotide phosphate (reduced form)
NTP nucleoside triphosphate
NDP nucleoside diphosphate
NMP nucleoside monophosphate
PAP polyphosphate:AMP phosphotransferase
PAPS 3-phosphoadenosine-5'-phosphosulfate
PEP phosphoenolpyruvate
pPase pyrophosphatase
PPK polyphosphate kinase
pPi poly phosphate
TTN total turnover number
UDP-Gal, UDP-galactose
UDP-GlcNAc UDP-N-acetylglucosamine
UF ultrafiltration
UTP uridine 5'-triphosphate
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