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Abstract

Whole-cell biocatalysis utilizes native or recombinant enzymes produced by cellular metabolism to perform
synthetically interesting reactions. Besides hydrolases, oxidoreductases represent the most applied enzyme class
in industry. Oxidoreductases are attributed a high future potential, especially for applications in the chemical
and pharmaceutical industries, as they enable highly interesting chemistry (e.g., the selective oxyfunctionali-
zation of unactivated C-H bonds). Redox reactions are characterized by electron transfer steps that often depend
on redox cofactors as additional substrates. Their regeneration typically is accomplished via the metabolism of
whole-cell catalysts. Traditionally, studies towards productive redox biocatalysis focused on the biocatalytic
enzyme, its activity, selectivity, and specificity, and several successful examples of such processes are running
commercially. However, redox cofactor regeneration by host metabolism was hardly considered for the opti-
mization of biocatalytic rate, yield, and/or titer. This article reviews molecular mechanisms of oxidoreductases
with synthetic potential and the host redox metabolism that fuels biocatalytic reactions with redox equivalents.
The tools discussed in this review for investigating redox metabolism provide the basis for studies aiming at a
deeper understanding of the interplay between synthetically active enzymes and metabolic networks. The
ultimate goal of rational whole-cell biocatalyst engineering and use for fine chemical production is discussed.
Antioxid. Redox Signal. 13, 349-394.
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I. Introduction

REDOX BIOCATALYSIS IS NATURE’S SOLUTION for the catal-
ysis of demanding reactions necessitating the specific
transfer of reduction equivalents in aqueous reaction media,
under ambient conditions, and mostly in a polymer solution,
where reaction rates might be determined not only by kinetic
properties of the catalysts involved, but also by mass transfer.
Catalyst efficiency is defined by nature’s objectives of growth,
reproduction, and optimal function of individual reactions in
metabolic networks in cells, tissues, organs, or organisms. In
contrast to these highly evolved and optimized reaction sys-
tems, technical solutions are rather crude. Isolated enzymes or
whole cells can be used for redox biocatalysis. Whereas the
first approach often requires an additional cofactor regener-
ation system, in whole cells, cofactor regeneration is achieved
via the intrinsic carbon and energy metabolism or heter-
ologous enzymes such as recombinant formate or glucose
dehydrogenases. The awareness of the high level of interde-
pendency between redox biocatalysis and intracellular me-
tabolism has led to metabolic engineering concepts to
optimize cell metabolism for redox biocatalysis. In the future,
synthetic biology will provide new strategies to engineer ar-
tificial redox metabolism networks sustaining highly efficient
redox cofactor regeneration for biocatalysis.

This review will focus on the use of whole-cell systems for
redox biocatalysis and will discuss the interplay between
biocatalytic reaction and host metabolism. This will be done
on the basis of the most important mechanisms of oxidore-
ductase-catalysis and the up-to-date knowledge on microbial
redox metabolism and its analysis.

Il. Molecular Mechanisms of Synthetically Relevant
Biocatalytic Redox Reactions

From a synthetic perspective, oxidoreductases and hydro-
lases are the most applied enzyme classes in industry (311).
Thereby, oxidoreductases are attributed a high future poten-
tial, especially for applications in the chemical and the phar-
maceutical industries, as they feature, beside the inherent
selectivity of enzymes, highly interesting chemistry such as
the selective introduction of oxygen from O, into chemically
inert C-H bonds. Furthermore, oxidoreductases often cata-
lyze the formation of a chiral product from a prochiral sub-
strate at close to 100% yield. Other reactions with a high
synthetic potential include, on the oxidative side, the oxy-
functionalization of C=C and C-N bonds, Baeyer-Villiger
oxidations, and the oxidation of alcohols, aldehydes, acids,
and aromatic compounds and, on the reductive side, the re-
duction of ketones, aldehydes, C=C bonds, and C=N bonds
as well as reductive animations (73, 93, 201).

Figure 1 shows a simplified tree of oxidoreductase classes.
This tree will lead through the present section highlighting the
molecular aspects of the most important catalytic mechanisms
involved in redox-biocatalysis. On the first level in the tree,
four enzyme classes are differentiated. Dehydrogenases (or
reductases) are generally considered to catalyze reversible
reactions and thus can be used for both oxidative as well
as reductive biocatalysis, whereas oxygenases, oxidases, and
peroxidases catalyze oxidation reactions, which are consid-
ered to be irreversible due to their high standard enthalpy
change of reaction. The latter is attributed to the highly exo-
thermic reduction of O, or hydrogen peroxide, which function
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FIG. 1. Classification of oxidoreductases.

as electron acceptors in the case of oxygenases and oxidases or
peroxidases, respectively. In contrast to oxidases, oxygenases
incorporate one or both oxygen atoms of O, into their sub-
strate.

Typically, oxidoreductases depend on a redox cofactor
such as NAD(P)H or NAD(P)", which functions as an electron
donating or accepting co-substrate, and thus are coupled to
redox metabolism in whole cells, the most common form in
which oxidoreductases are applied for biocatalysis (63, 192,
287, 360, 361). Exceptions include peroxidases, which couple
the reduction of hydrogen peroxide to water with the two-
electron oxidation of the substrate, oxidases, which couple the
reduction of O, to hydrogen peroxide or water with the two-
or four-electron oxidation of the substrate, and those dioxy-
genases, which couple the reduction and incorporation of O,
with the four-electron oxidation of an activated carbon scaf-
fold (see below).

All reactions dealing with O, or hydrogen peroxide re-
duction involve reactive oxygen species such as oxygen
radicals or hydrogen peroxide itself, which cause extensive
damage to biomolecules including enzymes. These reactive
oxygen species and damage caused by them can be handled
by the metabolism of living or, even better, growing cells, an
advantage which can be exploited for productive redox
biocatalysis (63, 191). In the following four subsections,
catalytic mechanisms and metabolic implications of the four
main oxidoreductase classes (Fig. 1) are reviewed with a
focus on enzymes, which are important for redox-biocata-
lysis.

A. Oxygenases

Oxygenases catalyze the specific introduction of one or two
oxygen atoms from O, into the substrate under mild condi-
tions. Such highly specific oxyfunctionalization reactions, es-
pecially the activation of C-H bonds, are synthetically very
interesting and often inaccessible by chemical means (42).

Oxygenases can be found in almost all kinds of living cells,
ranging from bacterial to mammalian, and several different
catalytic centers and mechanisms are known in this extra-
ordinarily versatile enzyme class (see below). Monooxygenases
and dioxygenases introduce one and two oxygen atoms from
O, into the substrate, respectively. In doing so, the former
produce one molecule of water as a co-product. These enzymes
have important physiological roles in detoxification, for ex-
ample, in mammalian liver cells, in the biosynthesis of sec-
ondary metabolites, hormones, signaling molecules, and
many other compounds, and in microbial hydrocarbon deg-
radation. Due to the high flexibility needed for detoxification
and especially degradation of hydrocarbons and xenobiotics,
oxygenases functionalize a huge variety of substrates (Table
1). This includes the hydroxylation of alkyl-, allyl-, or benzyl
carbons, vinyl group epoxidations, aromatic (di)oxygena-
tions, Baeyer-Villiger oxidations, and heteroatom oxygena-
tions. Several excellent reviews with comprehensive coverage
of the literature on oxygenase catalyzed reactions have ap-
peared in journals and text books (28, 49, 64,112, 193, 220, 248,
320, 323, 328). The high abundance and versatility of oxyge-
nases, their ability to specifically introduce oxygen from O,,
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TABLE 1. CLASSIFICATION OF OXYFUNCTIONALIZATION REACTIONS ACCORDING TO SUBSTRATE TYPE

Natural Electron

Type of Substrate Typical Enzyme Examples Catalytic Center Donor | Acceptor References
Alkyl-C; Methane monooxygenase Nonheme di-iron NADH 217, 271
non-activated Alkane monooxygenase Nonheme di-iron NADH 302
P450 BM3 Heme NADPH 224

P450cam Heme NADH 286

Proline hydroxylases Nonheme ferrous iron 2-oxoglutarate 76

Benzyl-C, allyl-C; Xylene monooxygenase Nonheme di-iron NADH 15, 314
non-activated Ethylbenzene dehydrogenase Molybdenum cofactor unknown 157, 175
Chloroperoxidase Heme not required 125

Vinyl-C, aryl-C; Styrene monooxygenase FAD NADH 241
non-activated Toluene dioxygenase Nonheme ferrous iron NADH 49
Toluene 4-monooxygenases Nonheme di-iron NADH 222

Chloroperoxidase Heme not required 125

Activated carbons Cyclohexanone FAD NADPH 309

monooxygenase
Hydroxybiphenyl FAD NADH 313
monooxygenase
p-cresol methylhydroxylase Flavocytochrome Cytochrome 85
oxidase,
azurin

Nicotinate dehydrogenases Molybdenum cofactors unknown 10, 226

Vanillyl-alcohol oxidase FAD O, 214

Catechol 1,2-dioxygenase Nonheme ferric iron not required 97

and the absence of enzyme-destabilizing peroxides as reac-
tants have lead to considerable advances in process im-
plementation and to first examples of industrial processes (63,
161, 287, 311). Most published biocatalytic processes for pre-
parative oxyfunctionalizations include oxygenase-catalysis.
Various catalytic centers have evolved for the activation of O,
(Table 1). The main classes of oxygenases are iron-, copper-, or
flavin-dependent.

Copper-containing oxygenases such as the mononuclear
dopamine f;-monooxygenase and the binuclear copper-based
methane monooxygenase (particulate MMO) are able to cat-
alyze inter alia the hydroxylation of unactivated alkyl carbons
(89, 140, 174, 272, 303), but are, except for tyrosinases (130),
rarely used for biocatalytic purposes and thus not discussed in
this review. Tyrosinases feature both oxygenase and oxidase
activity and will be discussed below in the oxidase section.
Iron-containing oxygenases are the most abundant and best-
studied enzymes catalyzing carbon oxyfunctionalizations and
can be divided in two categories: heme monooxygenases and
nonheme iron oxygenases (Fig. 1). The latter group catalyzes
diverse reactions including the oxyfunctionalization of all
types of carbon listed in column one of Table 1, which clas-
sifies oxyfunctionalization reactions according to substrate
type. The understanding of biological significance and che-
mical properties of nonheme iron oxygenases has increased
dramatically in recent years (41, 57, 58, 182, 276). This enzyme
category again can be divided into two groups, mononuclear
nonheme iron enzymes and binuclear nonheme iron en-
zymes (Fig. 1).

1. Binuclear nonheme iron enzymes. Among the known
reactions catalyzed by O,-dependent binuclear nonheme
iron enzymes, usually containing a bridged di-iron center
in the active site, are monooxygenations of all carbon types
listed in Table 1, fatty acid desaturations, and ribonucleo-

tide reduction (304, 346). With respect to carbon oxyfunc-
tionalization, soluble methane monooxygenase (MMO),
alkane monooxygenase (AMO), xylene monooxygenase
(XMO), toluene-2-monooxygenase (T2MO), and toluene-
4-monooxygenase (T4MO) are prominent examples (see
Table 1).
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FIG. 2. The catalytic cycle of soluble MMO. Oxygen
atoms derived from molecular oxygen are shown in bold.
Compounds P*, P, Q, R, and T are intermediates of the cat-
alytic cycle following the nomenclature given in literature.
MMOH, hydroxylase component of MMO; MMOR, reduc-
tase component of MMO. Figure adapted from Wallar et al.
(346) and Brazeau et al. (51).
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Soluble MMOs are the best-studied nonheme di-iron
monooxygenases, catalyze the NADH-dependent insertion of
one oxygen atom from O, into the exceptionally stable C-H
bond of methane to form methanol, and typically have a
broad substrate spectrum (100, 217, 271). Carboxylate-
bridged nonheme di-iron enzymes such as MMO, T2MO, and
T4MO consist of three or four protein components, depending
on the involvement of a ferredoxin in electron transfer (346).
The regular components include a hydroxylase containing a
carboxylate-bridged di-iron cluster in the active site, a re-
ductase channeling electrons from NADH to ferredoxin or
directly to the hydroxylase, and a small effector protein
modulating the conformation of the hydroxylase with several
roles in catalysis, including control of substrate access as well
as enhancement of the electron transfer and O, activation (20,
52, 294, 347). Typically, four glutamate and two histidine
residues coordinate the di-iron center. The remainder of
the coordination sites is occupied by solvent-derived ligands.
The catalytic cycle of MMO (Fig. 2) involves the reaction of O,
with the reduced diferrous form to give a differric peroxy or
hydroperoxy species (compounds P* and P, respectively)
(195, 299), which spontaneously converts to compound Q
containing a bis y-oxo Fe(IV), cluster, the so-called “diamond
core” (18,179, 299). Compound Q, but also compound P, have
been proposed to be the oxygenating species, depending on
the type of reaction to be catalyzed (193, 326).

AMO and XMO show similar reaction mechanisms (15,
16) but differ from water-soluble proteins of the di-iron-
carboxylate type in that their oxygenase component is
membrane bound and the di-iron cluster is complexed by
histidines only (147). Members of this group of binuclear
nonheme iron enzymes contain a characteristic 8-histidine
motif and consist of a variable number of subunits. AMO,
for example, consists of an integral membrane hydroxylase
and two soluble proteins, rubredoxin and rubredoxin re-
ductase (256), whereas XMO is a two-component enzyme,
consisting of an integral membrane hydroxylase and a sol-
uble NADH:acceptor reductase (314). Both enzymes show a
large substrate spectrum. AMO, naturally catalyzing the
NADH dependent w-hydroxylation of medium chain length
alkanes (C5-C12), accepts a wide range of linear, branched,
and cyclic alkanes as well as alkyl benzenes (327, 329).
Furthermore, epoxidation of terminal alkenes, sulfoxidations,
demethylations, and aldehyde formation have been reported
(114, 167, 168, 215). XMO accepts m- and p-ethyl-, methoxy-,
nitro-, and chlorosubstituted toluenes, m-bromosubstituted
toluene, and styrene, which is transformed into (S)-styrene
oxide with an enantiomeric excess of 95% (364). Further-
more, Escherichia coli recombinants containing XMO were
found to catalyze the multistep oxidation of xylenes to cor-
responding alcohols, aldehydes, and acids via individual
monooxygenation reactions (59, 60). As emphasized by
the described examples, most binuclear nonheme iron en-
zymes depend on NADH as an electron source, whereas
NADPH-dependence is rather uncommon. Thus, in living
cells and in biocatalytic applications, these oxygenases are
typically coupled to catabolic NADH regeneration.

2. Mononuclear nonheme iron enzymes. Mononuclear
nonheme iron enzymes contain either a high-spin ferrous site
which is involved in O, activation or a high-spin ferric site
which activates substrates (2, 58, 80, 304). The ferric site is
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coordinated by a variable histidine-rich ligand environment
and known to catalyze intradiol aromatic ring cleavage and
lipoxygenations. In contrast, the ferrous site is invariably co-
ordinated by two histidines and one aspartate or glutamate, a
recurring motif referred to as the 2-His-1-carboxylate facial
triad (Fig. 3). The remaining three ligand sites, which, in the
resting enzyme, can be vacant or occupied by solvent water,
OH", or a weak protein ligand, are readily available for the
binding of substrate, cofactor, and/or O, during catalysis.
Thus, this ferrous site is very versatile, catalyzing a wide va-
riety of reactions including extradiol aromatic ring cleavage,
aromatic (di)hydroxylations, desaturations, halogenations,
epoxidations, and aliphatic C-H bond hydroxylations (178,
261). Most oxygenases featuring the 2-His-1-carboxylate facial
triad can be classified into four main groups: 2-oxo acid de-
pendent enzymes, pterin-dependent hydroxylases, Rieske
oxygenases, and extradiol cleaving catechol dioxygenases
(Fig. 1) (57, 183).

2-Oxo acid-dependent iron enzymes catalyze all the men-
tioned reaction types except for intramolecular dioxygena-
tions (132, 259, 261). Enzymes of this versatile family
are thought to initiate catalysis by oxidative decarboxylation
of the 2-oxo acid co-substrate (e.g., 2-oxoglutarate), which
mediates the formation of a highly oxidizing Fe(IV)=0O in-
termediate (Fig. 3). In most cases, this intermediate activates
C-H bonds in substrates by abstraction of the H-atom, fol-
lowed by oxygen rebound leading to substrate hydroxylation.
However, different reactivities such as oxidative ligand trans-
fer involved in halogenations have also been reported (186).
With respect to hydroxylations, 2-oxoglutarate-dependent
hydroxylases can be classified as intermolecular dioxygenases
and directly depend on the central carbon metabolism pro-
viding 2-oxoglutarate. Thus, efficient catalysis of these en-
zymes in whole cells directly depends on the flux through the
central carbon metabolism, which in turn is affected by
the oxygenase-related shortcut in the TCA-cycle (i.e., from
2-oxoglutarate to succinate). Mononuclear nonheme iron
enzymes depending on 2-oxoglutarate catalyze C-H bond
oxygenations primarily in large and highly functionalized
molecules, and thus are important for medicine and agricul-
ture. Some 2-oxoglutarate dependent dioxygenases (e.g.,
proline 4-hydroxylase) are used for synthetic purposes (298).

Beside 2-oxo acid-dependent oxygenases, pterin-
dependent hydroxylases [e.g., amino acid hydroxylases
(9, 111, 249)], also catalyze aromatic monohydroxylations,
whereas aromatic dihydroxylations are catalyzed by Rieske
oxygenases (48, 49, 107, 345). Both pterin-dependent hy-
droxylases and Rieske oxygenases also have been reported to
catalyze benzylic hydroxylations and epoxidations. In pterin-
dependent hydroxylases, the pterin cofactor was proposed to
fulfill a dual role, the delivery of two electrons and the acti-
vation of O, together with ferrous iron resulting in the for-
mation of hydroxylated pterin and a Fe(IV)=O hydroxylating
intermediate (Fig. 3) (105, 250). Regeneration of tetrahydro-
biopterin involves dehydration and NAD(P)H-dependent
reduction of the hydroxylated pterin cofactor.

Rieske dioxygenases form a diverse group of two- or three-
component enzymes with a reductase component that obtains
electrons from NAD(P)H, often a ferredoxin component that
shuttles the electrons, and an oxygenase component where O,
activation and substrate cis-dihydroxylation occur (190). The
mononuclear iron receives the electrons needed for catalysis
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occupied by a weak protein ligand in different enzymes from the family. Figure adapted from Kovaleva et al. (183).

from the Rieske cluster of the neighboring oxygenase subunit.
Side-on binding of O, leads to the formation of an iron—
(hydro)peroxide complex (Fig. 3) (57). From this point on,
different mechanisms for the actual oxygen insertion steps
have been proposed. A key difference is the fate of the
iron(Ill)-(hydro)peroxide intermediate, which can either act
as the reactive species itself and directly attack a substrate or,
alternatively, first undergo O-O bond cleavage to yield HO-
Fe(V)=O0 as the hydroxylating species. Beside the mentioned
reactions, Rieske dioxygenases also catalyze oxidative ring
closure, desaturation, sulfoxidation, amine oxidation, and
O- and N-dealkylation (80, 262, 266).

For catalysis in whole cells (e.g., in biocatalytic applica-
tions), both pterin-dependent hydroxylases and Rieske oxy-
genases depend on the efficient regeneration of reduction
equivalents in the form of NAD(P)H via the intracellular
redox metabolism or heterologous enzymes (typically dehy-
drogenases) converting a cosubstrate.

Dioxygenases catalyzing ring cleavage in dihydrox-
ybenzenes do not require an additional electron delivering
substrate, since all four electrons for O, reduction are derived
from the substrate (80, 324). Thus, concerning the delivery of
reduction equivalents, these enzymes operate independently
from intracellular redox metabolism. As the mononuclear

enzymes described above, extradiol-cleaving dioxygenases
also contain Fe(Il) [or Mn(II)] coordinated with the 2-His-1-
carboxylate facial triad (343). An ordered mechanism has
been proposed with asymmetric catechol binding to the
Fe(Il) centre as a monoanion followed by O, binding in an
adjacent metal binding site and the transfer of one electron
from the substrate via the iron to O, resulting in the for-
mation of a Fe(II)-superoxo-species involving a semiquinone
radical (Fig. 3). Recombination of the resulting radicals leads
to the formation of a proximal alkylperoxo intermediate,
which undergoes alkenyl migration and heterolytic O-O
cleavage to yield a lactone species and a metal-bound hy-
droxide. The latter hydrolyzes the lactone and the ring-
opened product is formed (181, 183, 184).

In contrast to the very recent characterization of the extra-
diol cleavage mechanism, the catalytic mechanism of intradiol
cleaving chatechol dioxygenases containing an [Fe(III)-
(His)o(Tyr),] active site is established since a longer time. The
substrate binds asymmetrically as a dianion replacing one
tyrosine residue and a hydroxyl ligand at the ferric iron center
(101, 240, 324). This introduces semiquinonate radical char-
acter to bound substrate and makes it susceptible to O, attack
generating a transient alkylperoxoiron(Ill) intermediate. O-O
bond cleavage and acyl migration then result in the formation
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of muconic anhydride and an Fe(IIT)-OH species acting as the
nucleophile to convert the anhydride into muconic acid. As a
difference to intradiol cleavage, acid-base catalysis by means
of outer sphere amino acids and binding of the alkylperoxo
intermediate in a tridentate rather than a bidentate fashion
were proposed to favor alkenyl over acyl migration during
extradiol cleavage (58). Overall, extradiol dioxygenases ap-
pear to be more versatile than their intradiol counterparts, as
the former cleave a wider variety of substrates (324).

Lipoxygenases, catalyzing the hydroperoxidation of poly-
unsaturated fatty acids via O, incorporation, also involve
Fe(III) with a histidine-rich ligand environment. Fe(IIl) has
been proposed to activate the substrate by hydrogen ab-
straction yielding Fe(Il) and a carbon centered radical inter-
mediate (120). This is followed by O, addition to the activated
radical species, producing a peroxy radical intermediate,
which can reoxidize Fe(II) to Fe(III) forming the hydroperoxy
product (2). Remarkably, the resting as-isolated Fe(II)
containing enzyme is activated by the fatty acid hydroper-
oxide product (274). Lipoxygenases are primarily involved in
the synthesis of secondary metabolites and the metabolism of
endo- and xenobiotics (188) and do not require an additional
electron source. Thus, as the ring cleaving dioxygenases, these
enzymes do not directly depend on the intracellular redox
metabolism.

3. Heme-dependent monooxygenases. Heme monooxy-
genases harbor a protoporphyrin IX tetrapyrrole system
containing one catalytic iron nucleus; the resulting prosthetic
group is designated a heme group. Such heme mono-
oxygenases usually belong to the class of cytochrome P450s
and catalyze, except for dioxygenations, a range of reactions
as broad as found for nonheme iron oxygenases. Mammalian
cytochrome P450 monooxygenases have been thoroughly
studied in the context of drug metabolism and hormone bio-
synthesis (127, 128, 371), whereas microbial P450 mono-
oxygenases typically are investigated with respect to the
degradation and biotransformation of xenobiotics and hy-
drocarbons (321, 328). Thus, although P450s have so far
hardly been used for biotechnological processes, these en-
zymes are highly interesting candidates for biocatalytic ap-
plications (28, 161, 322). The majority of the cytochrome P450
systems reported to date are multicomponent enzymes with
additional proteins for the transport of reducing equivalents
from NAD(P)H to the terminal cytochrome P450 component.
Typical electron transfer chains of class I P450 systems (bac-
terial or from mammalian adrenal mitochondria, soluble,
NADH as typical electron donor) consist of a NADH:ferre-
doxin oxidoreductase and a ferredoxin, whereas class II P450
systems (mammalian hepatic drug-metabolizing isoforms,
membrane bound, NADPH as typical electron donor) include
a flavin containing P450 reductase (306). An exception is cyto-
chrome P450 BM-3 of Bacillus megaterium that consists of a
single soluble polypeptide with a P450 domain and an elec-
tron transport domain of the microsomal type (class II) (224).
Nitric acid synthases (NOS) constitute a special class of heme-
dependent monooxygenases being active as a Zinc-stabilized
homodimer. Each monomer consists of a heme-containing
oxygnease domain and an FAD- and FMN-containing class II-
type reductase domain connected by a short domain, which
must bind calmodulin to enable electron transfer (123, 239).
NOS catalyzes the two-step oxygenation of L-arginine to
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FIG. 4. Generalized CYP450 reaction cycle showing the
three possible uncoupling reactions and the peroxide
shunt pathway. Figure adapted from Julsing et al. (161).

L-citrulline and nitric oxide, an important cell signaling mol-
ecule. Thus, NOS does not have synthetic potential but fulfills
important physiological fuctions in mammalian cell commu-
nication, immune defence, and vascodilation and in bacte-
rial pathogenesis and defense against oxidative stress and
antibiotics.

The heme group of P450 monooxygenases is directly in-
volved in the oxidation process by activating O,. According to
their nicotine amide cofactor dependence, cytochrome P450
catalysis is directly coupled to central catabolic or anabolic
pathways in living cells. Up to the present, the catalytic cycle
(Fig. 4), by which cytochrome P450-mediated hydroxylation
occurs, has been intensively studied (78, 126, 219, 225, 230,
231, 286, 296). According to the present understanding, sub-
strate binding is followed by a first electron transfer from
NAD(P)H via the electron transfer chain to the heme iron and
reversible O, binding to give a superoxide-iron complex. A
second reduction gives peroxo-iron, which is protonated to
give hydroperoxo-iron. A second protonation either results in
water abstraction and the formation of an iron-oxo species, the
prototype oxidant in P450 catalysis, or gives iron-complexed
hydrogen peroxide depending on whether the distal or the
proximal oxygen atom is protonated. Thereby, cytochrome
P450-catalyzed hydroxylation was proposed to involve mul-
tiple mechanisms and oxidants including hydroperoxo-iron,
iron-complexed hydrogen peroxide, and two different spin
states of the iron-oxo species. Hydrogen peroxide can disso-
ciate at the (hydro)peroxo stage being one of the three possible
uncoupling mechanisms (Fig. 4). This dissociation is revers-
ible, and P450 enzymes can be shunted with hydrogen per-
oxide to give an active oxidant (see also peroxidases below).
The efficiency of this hydrogen peroxide shunt has been im-
proved by directed evolution (75, 158).
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4. Flavin-dependent oxygenases. Flavin-dependent oxy-
genases also functionalize a wide variety of substrates (210,
330). Reactions catalyzed include epoxidations (165, 191, 241,
245, 246), aromatic hydroxylations (223), Bayer-Villiger oxi-
dations (164, 220), and heteroatom oxyfunctionalizations (376),
but no oxygenations of sp>-hybridized carbons (see also Table
1). In contrast to flavin-dependent oxidases, the flavin is not
covalently bound in flavoprotein monooxygenases. Depending
on the type of enzyme, flavin is tightly (noncovalently) bound
and reduced in the monooxygenase moiety itself or acts as an
electron shuttle being reduced by a separate reductase com-
ponent and then bound and stabilized by the monooxygenase
component. In either case, the electrons are derived from
NAD(P)H, thus involving a direct coupling to the redox me-
tabolism of living cells. Peroxyflavin or hydroperoxyflavin are
the activated oxygen species responsible for the nucleophilic or
electrophilic attack of substrates, respectively (Fig. 5), and are
formed via the reaction of reduced flavin (in most cases
FADH,) with O, in the following way (209, 330): Upon a one-
electron transfer from reduced flavin to O,, a complex of su-
peroxide and the flavin radical is formed. Upon spin inversion,
for most flavoprotein monooxygenases, a covalent adduct be-
tween the C4,) of the flavin and dioxygen is formed yielding
the above mentioned reactive Ca)-(hydro)peroxyflavin spe-
cies. Such a peroxyflavin is unstable and typically decays to
form hydrogen peroxide and oxidized flavin. However, fla-
voprotein monooxygenases are able to stabilize this species in
such a way that it can oxygenate a substrate. As a result of
nucleophilic or electrophilic attack on the substrate, a single
oxygen atom is incorporated into the substrate, while the other
oxygen atom is reduced to water. The specific type of oxy-
genation and selectivity depends on the shape and chemical
nature of the active site of the specific enzyme.

B. Peroxidases

The classical peroxidase reaction consists in a one-electron
oxidation of the substrate with hydrogen peroxide or organic

peroxides as electron acceptors. However, heme-dependent
peroxidases also catalyze a large variety of oxygen transfer
reactions, including olefin epoxidations, sulfoxidations, and
allylic, propargylic, and benzylic hydroxylations; but no ali-
phatic hydroxylations have been reported (3, 320, 334, 337).
As mentioned above, specific oxygen transfer reactions are of
high synthetic interest. Thus, the mechanism of peroxidase-
mediated oxygen transfer is described below in more detail.
These reactions do not require the external addition of coen-
zymes or their regeneration (e.g., by intracellular redox me-
tabolism). In such two-electron oxidations, a peroxide serves
as oxygen donor and electron acceptor and one molecule of
water (or alcohol in the case of organic peroxide driven re-
actions) is produced as a co-product. In catalyzing these ox-
ygen transfer reactions, heme-dependent peroxidases exhibit
a reactivity more typical for cytochrome P450 monooxy-
genases than that of classical peroxidases, which typically
catalyze oxidative dehydrogenation reactions via one-electron
processes. Heme-dependent peroxidases are structurally and
functionally related to P450 monooxygenases, which also cat-
alyze substrate oxyfunctionalizations with hydrogen perox-
ide as oxygen source in the so-called peroxide shunt pathway
(see above). In both, hydrogen peroxide enters the catalytic
cycle at the hydroperoxo-stage coordinating as a hydro-
peroxoanion to Fe(III) (Fig. 4). The same oxidants and oxygen
transfer mechanisms have been proposed for these two en-
zyme groups. However, oxygen transfer from oxidized per-
oxidase to the substrate is only possible when the heme iron is
accessible for the substrates. In contrast to P450 enzymes, the
fifth (proximal) ligand of the iron atom is a histidine, except in
chloroperoxidase from Caldariomyces fumago (CPO), which
belongs to the group of haloperoxidases (90, 142). With re-
spect to oxygen transfer reactions, this heme-thiolate peroxi-
dase with iron ligated to cysteine, similar to P450, is the most
versatile enzyme of the known peroxidases.

An advantage of peroxidases is that they need no addi-
tional electron acceptor or donor and thus no regeneration of
cofactors such as NAD(P/H). However, a major shortcoming
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is the low operational stability of peroxidases, generally re-
sulting from peroxide-induced deactivation (325). An exam-
ple is the facile oxidative deterioration of the porphyrin ring in
heme-dependent peroxidases such as CPO, necessitating
the maintenance of low hydrogen peroxide concentrations,
and/or the in situ generation of hydrogen peroxide from O,
with a chemical reductant or an oxidase (247, 331).

C. Oxidases

The most familiar oxidase enzymes are not involved in
biosynthetic reactions, but play a pivotal role in metabo-
lism, serving as terminal electron acceptors in energy stor-
age pathways. There are, however, many oxidases that make
use of the oxidizing potential of O, to promote biosynthetic
reactions. Thereby, oxidases couple the one-, two-, or four-
electron oxidation of substrates to the two- or four-electron
reduction of O, to hydrogen peroxide or water and thus do not
require the external addition or regeneration of coenzymes.
Oxidases catalyze a variety of synthetically interesting oxi-
dation reactions including the oxidation of amines (amino
acid oxidases), the oxidation of alcohols, for example, in
sugars, oxidative ring closure, oxidative decarboxylation, and
hydroxylation reactions. The latter are rather atypical for ox-
idases, since O, only serves as electron acceptor and not as
oxygen donor. Catalytic centers of oxidases typically con-
tain flavin, iron, or copper. The respective characteristics and
mechanisms are reviewed in the following three subsections.

1. Flavin-dependent oxidases. Among flavin-dependent
enzymes, the vanillyl-alcohol oxidase (VAO) family forms a
prominent and synthetically interesting group (197). For ex-
ample, the flavin-dependent vanillyl-alcohol oxidase from
Penicillium simplicissimum catalyzes both the benzylic desa-
turation and the benzylic hydroxylation of para-alkylphenols,
depending on the nature of the aliphatic side chain (333, 334).
The mechanisms include substrate oxidation by the flavin to
para-quinone methides as common intermediates and differ
in whether water attacks the methide. Thus, in contrast to
flavin-dependent oxygenases (Fig. 5), the flavin is not reduced
by NAD(P)H but directly by the substrate and the introduced
oxygen atom in case of benzylic hydroxylation is derived from
water as in the case of hydroxylating dehydrogenases (see
below). The reduced flavin transfers the electrons to O,, and,
as another difference to flavin-dependent oxygenases, the re-
sulting hydroperoxyflavin is not stabilized leading to hydro-
gen peroxide formation. A remarkable feature of this oxidase
family is that it favors the covalent attachment of the flavin
cofactor, which distinguishes them from flavin-dependent
oxygenases. Remarkably, also some O,-independent dehy-
drogenases such as p-cresol methylhydroxylase and eugenol
hydroxylase (47, 145) (see below) belong to the VAO flavo-
protein family (197). Interestingly, a gatekeeper residue was
recently identified in the family member L-galactono-y-lactone
dehydrogenase, which prevents this enzyme from acting as an
oxidase (198). When the alanine at position 113 was exchanged
with a glycine, allowing O, to approach the isoalloxazine moi-
ety of the flavin, the enzyme turned into an oxidase. Structu-
rally equivalent positions in oxidases of this family are
typically occupied by a glycine or a proline residue.

2. Iron-dependent oxidases. Several biosynthetic oxi-
dases are known to belong to the mononuclear nonheme iron
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enzyme family featuring the 2-His-1-carboxylate facial triad
(Fig. 3) introduced above in the oxygenase section (178, 183).
The mechanisms of O, activation proposed for this subgroup
are very diverse, but they contain elements of the mechanisms
discussed above for the oxygenases of the same group. The
general strategy appears to involve the binding of both
the substrate and O, to the iron as in the extradiol and 2-oxo
acid dioxygenases. This promotes electron transfer away from
the substrate and (in most cases) the iron. The reduced di-
oxygen species then undergoes O-O bond cleavage to yield a
molecule of water and leave an Fe(IV)=O species as in the 2-
oxo acid-dependent oxygenases and pterin-dependent hy-
droxylases. Finally, the high-valent iron species is used as a
reagent to complete a second part of the reaction, and in doing
s0 accepts two more electrons to form the second molecule of
water. Some well-studied examples of oxidases featuring the
2-His-1-carboxylate facial triad are isopenicillin N-synthase
(IPNS, Fig. 3) (56, 268), fosfomycin synthase (FOS) (369), and
1-aminocyclopropane-1-carboxylate oxidase (ACCO) form-
ing ethylene as a hormone in plants (221). These enzymes
activate O, and ultimately form water using either four elec-
trons from the substrate (IPNS), two from the substrate and
two from NADH (FOS), or two from the substrate and two
from ascorbate (ACCO).

3. Copper-dependent oxidases. Copper-containing oxi-
dases catalyze the oxidation of a wide variety of substrates
ranging from small molecules such as solvated Fe>" and
methane to large peptides. Four different groups of copper-
containing oxidases are distinguished: mononuclear enzymes
containing sulfur-ligated copper (type 1), mononuclear cop-
per sites with nonsulfur ligation (type 2), dinuclear copper
oxidases (type 3), and multi-copper oxidases (216). Type 1
copper proteins, such as azurin, do not function as oxidases in
the common sense but as electron transfer proteins.

Amine oxidases (AOs) are typical type 2 copper oxidases
and catalyze the oxidative deamination of primary amines to
produce the corresponding aldehydes, hydrogen peroxide,
and ammonia (53, 356). The two-electron chemistry is carried
out at a redox site that consists of a mononuclear Cu(Il) ion
and an organic cofactor, 2,4,5-trihydroxylphenylalanine qui-
none (TPQ), which is derived from the post-translational
modification of an endogenous tyrosine. The reaction is ini-
tiated by the reductive half-reaction, in which the TPQ co-
factor in the resting enzyme undergoes nucleophilic attack by
the primary amine substrate to form a Schiff base followed by
an aspartate-mediated proton abstraction resulting in a car-
banionic intermediate (Fig. 6). Rearrangment and hydrolysis
leads to the release of product aldehyde and the formation of
aminoquinol. The oxidative half-reaction uses O, to regener-
ate the resting enzyme via a postulated iminoquinone inter-
mediate to release hydrogen peroxide. Hydrolysis of the
iminoquinone is presumed to release NH; and regenerate the
resting enzyme.

Type 3 and multi-copper oxidases catalyze the four-
electron reduction of O, to water coupled to the concomitant
one-electron oxidation of a substrate (71). Tyrosinases are a
prominent example for a type 3 copper oxidase and catalyze
the oxidation of both monophenols (cresolase or monopheno-
lase activity) and o-diphenols (catecholase or diphenolase
activity) into reactive o-quinones (130). In the cresolase cycle,
the four-electron reduction of one molecule of O is coupled
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to the four-electron oxidation of one monophenol unit via
diphenol to an o-quinon, whereas in the catecholase cycle, it
is coupled to the secessive two-electron oxidation of two
diphenol molecules (72). The active site of tyrosinases can
exist in three intermediate states: deoxy (Cul-Cul), oxy
(Cull-Op—Cull) and met (Cull-Cull). The met-form is con-
verted into the deoxy-form in a two-electron reduction with
concomitant diphenol oxidation, and the resulting deoxy-
form is able to reversibly fix O,, leading to the oxy-form. The
predominant (resting) met-form is not able to bind O, and
thus does not act on monophenols, but has an important
affinity for them and binds them through a dead-end path-
way resulting in a lag period. This characteristic initial lag
in the cresolase cycle can be abolished by addition of low
amounts of o-diphenols. In fact, it is recognized that, in vivo,
L-DOPA (3,4-dihydroxyphenylalanine) is responsible for the
recruitment of the resting enzyme by reducing met-forms to
deoxy-forms.

The active site of multi-copper oxidases, for which laccase
is a prominent and versatile example, contains at least four
copper atoms, which are one type 1 copper and a trinuclear
cluster consisting of one type 2 and two type 3 coppers (358).
The catalytic properties of such active sites have been attrib-
uted to the following three major steps (303, 305): Reduction
of type 1 copper by electrons from the reducing substrate,
electron transfer over ~13 A from type 1 copper to the tri-
nuclear cluster, and activation and reduction of O, to water at
the trinuclear cluster.

Since oxidase and peroxidase catalysis typically is not de-
pendent on an additional electron source such as NAD(P)H
and thus does not require the addition of an organic cosub-
strate for its regeneration, these enzymes are usually applied
in vitro, where they are independent from cell metabolism.
Thus, applications of these enzymes are not further discussed
in this review. In this respect, enzyme deactivation by reactive
oxygen species and the addition or removal of hydrogen
peroxide are most critical.

D. Dehydrogenases

Dehydrogenases typically catalyze reversible hydrogen
transfer reactions. The synthetically most interesting dehy-
drogenase-catalyzed reactions include ketone reductions,
reductive aminations, double bond reductions, alcohol oxi-
dations, and aldehyde oxidations. The respective dehydro-
genases can be classified into five distinct groups depending
on their prosthetic group:

* Zinc-dependent enzymes

* Flavoprotein dehydrogenases

* Pterin-dependent enzymes

* Quinoprotein dehydrogenases

* Enzymes without prosthetic groups

1. Zinc-dependent  dehydrogenases. Zinc-dependent
dehydrogenases comprise mainly alcohol dehydrogenases
(ADHs), which are grouped according to their substrate spec-
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tra and structure into long-, medium-, and short-chain alcohol
dehydrogenases (159). They catalyze the oxidation of primary
and secondary alcohols to the corresponding aldehydes
and ketones, respectively, utilizing the cofactor NAD(P)H for
the transfer of the necessary hydride. Most Zn-dependent
ADHs perform this redox reaction in a chemo-, regio-, and
stereoselective way for a great variety of substrates and are
exploited for the synthesis of building blocks for pharma-
ceuticals or specialty chemicals. As alcohol dehydrogenations
typically are reversible reactions, Zinc-dependent ADHs also
catalyze the reduction of ketones and aldehydes to the cor-
responding alcohols, which makes them flexible biocatalysts
for a variety of redox reactions. Structure—function studies
have mainly been accomplished for the Zinc-depending
medium-chain horse liver alcohol dehydrogenase (HLADH),
revealing a nucleotide binding domain and a catalytic do-
main, with the catalytically active zinc buried between them
(14). In the absence of substrate, the zinc is coordinated to the
three well conserved residues Cys-46, His-67, and Cys-174 of
the active site and a water molecule, thus forming a tetra-
hedrical coordination shell (14, 99). The two main mecha-
nisms proposed for alcohol oxidation by HLADH differ
specifically in the coordination of the zinc during the redox
reaction. One hypothesis proposes that the zinc ion also stays
in tetrahedrical coordination during catalysis, as the water
molecule bound in the inactive state is displaced upon sub-
strate binding by the hydroxyl group of the alcohol (96, 99). In
the subsequent redox reaction, two hydrogen atoms are re-
moved from the substrate by coupled processes of proton
abstraction and hydride ion transfer based on a proton relay
system that is stabilized by the positive charge on the enzyme-
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bound zinc ion. Collapse of the intermediate to the ketone or
aldehyde with the concomitant hydride transfer to NAD(P)*
completes the reaction. Another possibility discussed is based
on a change of the coordination symmetry of the zinc towards
a pentacoordinated zinc, by the binding of the substrate in
addition to the water molecule, followed by the same steps as
described above. Recent studies on HLADH (21) and TbADH
(Thermoanaerobacter brockii) (173) by X-ray crystal structure
determination and time resolved X-ray absorption fine struc-
ture analyses (XAFS), respectively, revealed more evidence
pointing in the direction of the latter mechanism, although
both studies point towards pentacoordinated transient inter-
mediates rather than a pentacoordinated Zinc during the
whole reaction. The structural mechanism in the sourround-
ing of the catalytic zinc as proposed by Kleifeld and co-
workers for TbADH are shown in Figure 7. The first
coordination shell (without substrate) in TbADH differs from
other described ADHs, as the catalytic Zinc is bound to three
conserved residues, in this case Cys37, His59, and Asp150,
and instead of water to a fourth amino acid, Glu60. There are
strong indications that Glu60 is exchanged by a water mole-
cule during catalysis involving the formation of a penta-
coordinated intermediate. Substrate binding and conversion
leads to further pentacoordinated intermediates.

For biocatalytic applications using whole cells, it has
generally to be considered that reactions catalyzed by Zinc-
dependent dehydrogenases are coupled to intracellular car-
bon and energy metabolism via nicotin adenine dinucleotide
cofactors. Depending on the oxidative or reductive direction
of catalysis, NAD(P)" or NAD(P)H have to be regenerated,
respectively.
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FIG. 7. Reaction mechanism of TbADH as proposed by Kleifeld et al. (173). Reaction occurs via transient pentacoordi-
nated intermediates of the catalytic zinc (Zn). For details, see text.
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2. Flavoprotein dehydrogenases. Enzymes containing
FAD as prosthetic group either covalently or noncovalently
bound are mostly involved in O, activation reactions. Flavin-
containing dehydrogenases are important enzymes in the
redox metabolism, but less used for synthetic applications.
Acyl-CoA dehydrogenases compose a family whose members
are highly conserved in sequence, structure, and function.
They are important in the mitochondrial oxidation of lysine,
hydroxylysine, and trypthophan. As in the case of flavin-
dependent oxidases, FAD serves as an electron acceptor
during the oxidation of the substrate and, in contrast to the
oxidases, delivers the electrons to the respiratory chain and
not directly to O,. For glutaryl-CoA dehydrogenase (GCD),
the enzymatic mechanism has been investigated in detail
(265). GCD has a homotetrameric structure containing one
noncovalently bound FAD per monomer. The reductive half-
reaction of the dehydrogenase flavin generates the enzyme-
bound intermediate glutaconyl-CoA, which is subsequently
decarboxylated to yield crotonyl-CoA and CO, (Fig. 8). Upon
binding of the substrate glutaryl-CoA, a glutamate residue
functioning as a catalytic base (Glu370 in human GCD) ab-
stracts an a-proton from the substrate, followed by hydride
transfer from the C-3 position of the substrate to the flavin
yielding the 2e™-reduced form of FAD and the enzyme-bound
desaturated intermediate glutaconyl-CoA (118, 199). Subse-
quently, the latter is decarboxylated by breaking the C, - C;
bond resulting in formation of a dienolate anion and CO..
Protonation of the dienolate anion occurs via proton transfer
to C-4 from the catalytic base Glu370, which can exchange its
proton with solvent water (264). Finally, this protonation
gives rise to the crotonyl-CoA product. The 2e-reduced form
of FAD is reoxidized in two consecutive oxidation steps,
transferring the electrons to the respiratory chain.

Beside flavoproteins containing only the flavin in the
catalytic center, there are two-component dehydrogenases,
which have a covalently bound flavin in one subunit and a
cytochrome in the other (84, 104). Examples for hydroxylating
flavocytochromes include 4-cresol dehydrogenase (47, 146)
and eugenol dehydrogenase (117) found in Pseudomonas pu-
tida strains or denitrifying bacteria. After fast electron transfer
from the flavin to the cytochrome, 4-cresol dehydrogenase

transfers the electrons to azurin or nitrate as physiological
electron acceptors. The reaction mechanism was first de-
scribed by Hopper et al. (144). During the reaction, a proton is
removed from the hydroxyl group of the substrate p-cresol
and a hydride ion is transferred from the methyl group to
the N5 atom of the covalently bound flavin. The so-formed
quinone methide intermediate then undergoes a nucleo-
philic attack of water at the methylene group, yielding p-
hydroxybenzyl alcohol. For synthetic applications using
whole cells, the physiological electron acceptor has to be made
available via metabolism-linked regeneration. If regeneration
is not feasible as in the case of nitrate, the reduced electron
accepter (e.g., nitrite) is further converted or excreted.

3. Pterin-dependent enzymes. Pteridin-dependent de-
hydrogenases also belong to the group of hydroxylating en-
zymes, which use water as electron donor. Molybdenum
typically is coordinated to the two thiol groups of a
pyranopterin-based cofactor, constituting the so-called mo-
lybdopterin cofactor (139). These enzymes can be composed
of a variable number of subunits and contain different addi-
tional cofactors such as hemes, iron-sulfur clusters, and
flavins, which transfer electrons from the molybdopterin co-
factor to an electron acceptor. Such molybdoenzymes typi-
cally catalyze the hydroxylation of relatively activated carbon
atoms (e.g., heteroaromatic ring carbon). Furthermore, sele-
nium has been reported to be involved in reactions catalyzed
by xanthine dehydrogenase (238) and nicotinate dehydroge-
nases of anaerobic strains (119), for which NAD" and NADP*
serve as electron acceptors, respectively. However, nicotinate
dehydrogenases from aerobic strains have been reported to be
selenium independent (150). The natural external electron
acceptors for these enzymes are not known so far although
membrane-bound dehydrogenases have been suggested to
transfer electrons directly to the respiratory chain (10).
Ethylbenzene dehydrogenase of Azoarcus-like strains is an
especially interesting molybdoenzyme as it hydroxylates an
unactivated benzylic carbon (157, 175). Kniemeyer et al. sug-
gested that redox centers in this enzyme as well as the un-
known natural electron acceptor should have high redox
potentials to achieve reasonable oxidation rates with the ra-
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ther inert hydrocarbon substrate (175). The reaction mecha-
nism has been characterized best for xanthine dehydrogenase.
A Mo(VI) in the resting state with a water-derived oxo- or
hydroxyl-group in the ligand sphere is reduced to Mo(IV)
during substrate oxidation and then is reoxidized by electron
transfer to an iron-sulfur cluster. Hydroxylation might be
initiated either by a nucleophilic attack by a hydroxy-ligand
or by attack of a substrate cation on an oxo-ligand (139).
Also here, the interaction with intracellular redox metabo-
lism has to be considered for synthetic applications. For
pterin-dependent enzymes, this interaction depends on the
nature of the physiological electron acceptor of the employed
enzyme.

4. Quinoprotein dehydrogenases. Quinoproteins func-
tion as primary dehydrogenases, which transfer reducing
equivalents directly to the bacterial aerobic respiratory chain
and are located in the periplasm. Thus, they are highly inter-
esting regarding redox metabolism. They are involved mainly
in the dehydrogenation of primary or secondary hydroxyl
groups in alcohols and sugars and are applied mainly in
biosensors (213). Quinoproteins contain an amino acid-
derived o-quinone as a cofactor. Different kinds of quinone co-
factors are known, but only pyrroloquinoline quinone (PQQ)
is not covalently bound to the enzyme and is involved in
oxido-reduction reactions (11). Mainly two dehydrogenases
of this class, in which PQQ is the only cofactor, have exten-
sively been studied. These are the membrane-bound glucose
dehydrogenase (mGDH) and the soluble methanol dehydro-
genase (MDH). The mechanisms of both enzymes have re-
cently been reviewed (12, 88). MDH catalyzes the oxidation of
methanol to formaldehyde. Upon substrate binding, the
oxidation reaction is initialized by a base located in the active
site (most likely an aspartate), which is mainly responsible for
the abstraction of the proton from the alcohol group (4). Ca**
coordinated to the C-5 of the cofactor acts as a Lewis acid
during substrate oxidation and stabilizes the C-5 carbonyl
atom for the electrophilic attack by the hydride (150). The
proton abstraction is directly followed by a direct hydride
transfer from the methyl group of methanol to the C-5 of PQQ
followed by tautomerization to PQQH, (375). The now oxi-
dized product formaldehyde is released, while POQQH, is
reoxidized by sequential single-electron transfer to a c-type
cytochrome in the electron transport chain.

The membrane-bound glucose dehydrogenase oxidizes a
wide range of pentoses and hexoses (83). In the cell, it is
responsible for the direct oxidation of glucose to gluconate
in the periplasm. The mechanism of substrate oxidation is
very similar to the one described for methanol oxidation by
MDH. The reaction is initiated by an aspartate, which ab-
stracts a proton form the anomeric hydroxyl group of glu-
cose, followed by a hydride transfer from the C-1 of the
glucose molecule to the C-5 carbon of the PQQ cofactor,
yielding the product gluconolactonate and PQQH,. Sub-
sequent oxidation of PQQH, involves either ubiquinon or
c-type cytochromes as electron acceptors in the electron
transport chain. mGDH from E. coli harbors two ubiqui-
none binding sites (102). One site is located near the active
site and contains a tightly bound ubiquinone, which performs
single electron transfer steps. The second site is situated in
the amphiphilic segment of the membrane bound mGDH
and reversibly binds ubiquinone from the membrane pool.
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5. Dehydrogenases without prosthetic groups. Most ox-
idoreductases require metals or organic prosthetic groups for
a successful hydride transfer. However, several dehydroge-
nases are known that have neither metal ions nor any other
prosthetic group bound to their active site. These enzymes
make good models to study the mechanism of hydride ion
transfer in the active site because the reaction is devoid of
proton transfer steps. The most prominent example of such
enzymes is formate dehydrogenase (FDH), which is well
known from an application point of view, as it is the basis for
many established cofactor regeneration systems in synthetic
biocatalysis (352, 374) (see also Section V.B). FDH catalyzes
the oxidation of formate to CO,, cleaving a single carbon-
hydrogen bond in the substrate and concurrently forming a
new one in the nicotinamide-coenzyme, which also accepts
the electrons. It has been extensively reviewed (258, 318). In its
natural host, FDH is an essential enzyme in the oxidation
cycle of glyoxylate. Electrostatic effects are responsible for the
correct hydrogen transfer during the FDH-catalyzed reaction.
Multiple hydrogen bonds within a positively charged amino
acid cluster direct the orientation of the anionic substrate for-
mate, while a negatively charged amino acid cluster and hy-
drophobic side chains correctly orient the positively charged
nicotinamide cofactor NAD™ so that it is placed with one side
facing a hydrophobic wall and the other facing the hydro-
philic substrate binding site. During the reaction, various
stabilizing and destabilizing interactions occur in the active
site, including the improvement of the electrophilic properties
of the nicotinamide moiety (C4N) of the coenzyme. The
NAD™ carboxamide group (C4N) is polarized via interaction
with negatively charged ligands and perturbation of its
ground state due to the twist of the carboxamide with respect
to the pyridine plane. During catalysis, a hydride anion from
the substrate formate attacks the electrophilic C4N of the
positively charged nicotinamide moiety of NAD". Conse-
quently, the two uncharged products CO, and NADH are
formed (258).

lll. Microbial Redox Metabolism

Metabolism (metabole (gr.)=change) is the sum of the
physical and chemical processes in an organism, by which its
material substance is produced, maintained, and destroyed,
and by which energy is made available (348a). Metabolism is
usually divided into the two categories catabolism and anab-
olism. Catabolism is the degradation of molecules, yielding
energy and the production of reducing agents. Anabolism, on
the other hand, is the synthesis of molecules through the use
of energy and consumption of reducing agents. Here, we in-
troduce the additional term redox metabolism that we define
as the sum of the biochemical modules, in which redox equiv-
alents are produced or consumed. These modules are
described in the following sections.

Most of the biological oxidations and reductions of organic
substrates require redox cofactors which can be divided into
three main classes: (i) dihydropyridines (e.g., NAD/NADH,
NADP/NADPH), (ii) flavins (e.g, FMN/FMNH,, FAD/
FADH,), and (iii) quinones (e.g., ubiquinone UQ/UQH,,
menaquinone MQ/MQH,, pyrroloquinoline quinone PQQ)
(263). In the cellular biochemical network, the most abundant
redox cofactors are NADH and NADPH. These cofactors
serve two different purposes in cellular metabolism; NADH is
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mainly used in catabolism and NADPH is the main electron
donor in anabolism. More specifically, in aerobes, NADH is
mainly involved in the generation of Gibbs free energy
through the oxidative phosphorylation reaction (Section
II1.A.2), while, under anaerobic conditions, NADH is con-
sumed in fermentative pathways (Section III.A.3). The cofac-
tor NADPH is mainly used in the biosynthesis of biomass
precursors (Section III.A.5). Both cofactors are reduced in
the pathways of central carbon metabolism (Section IIL.A.1).
Moreover, in some organisms, the cofactors are inter-
converted via nicotinamide nucleotide transhydrogenases,
which catalyze the transfer of hydrogen from NADH to
NADP* and vice versa (Section 1IL.A.4).

A. Modules of redox metabolism

1. Central carbon metabolism. Central carbon metabo-
lism generates the energy, redox equivalents, and small-
molecule building blocks that are necessary for all cellular
functions. For example, the E. coli central carbon metabolism
consists of approximately 40 reactions that are encoded by
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roughly 50 genes, including isoenzymes and protein com-
plexes (Fig. 9). Notably, E. coli uses three major pathways
to convert glucose into pyruvate: the Embden-Meyerhof-
Parnas (EMP) pathway, commonly referred to as glycolysis;
the pentose phosphate (PP) pathway; and the Entner—
Doudoroff (ED) pathway. The major pathway downstream of
pyruvate is, beside the fermetative pathways used during an-
aerobic growth, the oxidative tricarboxylic acid (TCA) cycle.

Genetic analyses of the most ancient archaea and bacteria
indicate that the ED pathway, gluconeogenesis, and reductive
TCA cycle reactions existed in the last common ancestor of all
three domains of life (270). In fact, the reductive TCA cycle is
proposed to be the metabolic core of all metabolism and orig-
inated before life existed (301). Notably, the catabolic EMP
pathway most likely developed from an anabolic, gluconeo-
genic pathway and the oxidative TCA cycle arose from a re-
ductive pathway.

In the E. coli central carbon metabolism, 7 NADH-, 4
NADPH-, and 1 UQH,-dependent enzymes are responsible
for the conversion of glucose to CO, (only the reduced redox
cofactors are given; for directionality, see Fig. 9). The cofactor-

PEP Glucose
k’ NADPH NADPH
Pyruvate Glucose- B-F‘—sziuconate 6- P—Lb Pentose-5-P

Tnose-3 F'

Glycerate -3-P

ATP+
NADH

ATP.

O, + UQH, «— P/O ATP
O, + 2 NADH «— 2* P/O ATP

Erythrose-4-P
Fructose BP?-_<

Sedoheptulose-7-P

NAD
Malate
NADH
Pyruvate
Formate ¢—— NADH

FIG. 9. Central carbon metabo-
lism of E. coli. The redox cofactor-
utilizing reactions are indicated.
The fermentative pathways, the
two transhydrogenase reactions,
and the respiratory chain are sha-
ded in gray. Only consumed or
produced reduction equivalents
(in the form of NADH, NADPH,
UQH,) and energy equivalents (in
the form of ATP, H' . iracellular fOT
proton gradient exploitation) are
indicated. For simplicity, the cor-

a

A NADH Fumarate responding reactants (NAD™,
NADP+, UQ/ ADP/ H+intrace]1u1ar)
Lactate UQH, are omitted. Abbreviation: P,
: phosphate.
Succinate
2 NADH Oxaloacetate
Acetate R
2-Oxoglutarate
uaQH
ATP ’ Isocitrate
NADPH
B H‘am c
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dependent enzymes, the reactions they catalyze, and their
relative activities (i.e., flux normalized to glucose uptake rate)
under different growth conditions are listed in Table 2 for
three distinct microbes.

Glyceraldehyde-3-phosphate  dehydrogenase has the
highest contribution to NADH regeneration during aerobic
growth of organisms with an active EMP pathway on glucose
and other sugars (data not shown). This dominance is am-
plified during anaerobic growth, in which more than 90% of
all NADH is formed in this single reaction. An alternate dis-
tribution of redox cofactor reduction is observed in organisms
that do not use the EMP pathway, such as P. putida (Table 2,
(115)). In many bacteria, glucose is catabolized primarily via
the ED pathway, significantly lowering the flux through
glyceraldehyde-3-phosphate dehydrogenase.

The reaction that connects pyruvate synthesis (via the ED,
EMP, or PP pathway) with the TCA cycle is the NADH-
dependent formation of acetyl-Coenzyme A (-CoA) that is
catalyzed by the pyruvate dehydrogenase enzyme complex.
Oxidative decarboxylation of pyruvate and acetyl-transfer to
CoA involve the reduction of enzyme bound lipoic acid, of
which the reoxidation is coupled to NADH formation. The
activity of the pyruvate dehydrogenase enzyme complex is
highly dependent on the electron donor (i.e., carbon source)
and acceptor (i.e., respiratory substrate) that are used. During
fermentative growth, this reaction only serves for the syn-
thesis of biomass precursors; hence, the flux from pyruvate
to acetyl-CoA is low (Table 2).

Of the many hundred reactions that occur in most cells,
only few contribute significantly to redox cofactor reduction.
During fermentative growth, these reduced cofactors must be
strictly balanced, because no respiratory substrate such as O,
is used as external electron acceptor. The specifics of the fer-
mentative pathways that influence redox biocatalysis are
briefly summarized in Section III.A.3.

2. Oxidative phosphorylation. Oxidative phosphoryla-
tion is a highly efficient energy-generating pathway com-
posed of the electron transport chain (ETC) and ATP
synthase. The ETC, which is located in the mitochondrial
(eukaryotes) or cytoplasmic membrane (prokaryotes), is
made up of complexes of different redox carriers including
flavoproteins, quinones, and cytochromes. It catalyzes the
oxidation of NADH, succinate, and a few other reduced
substrates by passing electrons sequentially from one carrier
to the next. Under aerobic conditions, the common final elec-
tron acceptor is O,. Some bacteria use alternative final
electron acceptors such as fumarate, nitrate, or nitrite when
O, is absent (anaerobic respiration). Electron transfer in the
ETC is coupled to the transfer of protons across the mem-
brane. This efflux of protons creates both a transmembrane
pH- and an electrochemical gradient, which is utilized by the
ATP synthase to generate ATP. The ATP synthase acts as an
ion channel that funnels protons back into the cytoplasm or
into the mitochondrial matrix. During this reflux, energy is
released, which is used to drive the phosphorylation of ADP
to ATP.

Whereas the composition of the ETC in eukaryotic cells is
more or less uniform, prokaryotic ETCs show a much greater
diversity. Depending on the environmental conditions, bac-
teria synthesize different transmembrane complexes and
produce different ETCs. As shown in Figure 10, E. coli pos-
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FIG. 10. Scheme of the electron transport chain and its
proton translocation properties in E. coli. The electron pool
is fictitious and only drawn for a better graphical presenta-
tion.

sesses two different membrane bound NADH-dehydroge-
nases NDH-I (237) and NDH-II (31) and three ubiquinol
oxidases [cytochromes bd-1, bd-1I, and bo (86, 257)]. Due to the
different H*/2e” stoichiometries of these enzymes, the overall
proton transfer per oxidized NADH molecule can vary be-
tween 2 and 8 H" /2e”. Assuming an H" /ATP stoichiometry of
4, a 5-fold difference in ATP yield on glucose between these
two extremes can be obtained (26). Bekker et al. observed a
decrease in the specific O, consumption rate of 47% during
glucose-limited growth of an E. coli mutant deficient in the
cytochrome bd-II oxidase compared to the wild-type strain
(26), indicating that, even under energy source limitation, the
flux of electrons through the nonelectrogenic (no proton
translocation) cytochrome bd-II oxidase is significant in wild-
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type E. coli. Noguchi et al. (235) determined that the none-
lectrogenic NDH-2 activity constitutes around 40% of the total
NADH oxidizing activity in E. coli during the early stationary
phase after cultivation under glucose-unlimited and -limited
conditions. Accordingly, the respiratory chain of E. coli is not
optimized for ATP production under the tested conditions.
Prima facie, this uncoupling of NADH oxidation from proton
translocation is astonishing, but this mechanism enables
the organism to respond appropriately to environmental
changes (26).

For biotechnological process optimization, increasing the
efficiency of the ETC is a promising metabolic engineering
target. This strategy was followed by Zamboni et al. (372) to
improve the riboflavin yield of Bacillus subtilis cultures. Ri-
boflavin production depends on efficient ATP supply (87,
279). Bacillus subtilis also features a branched ETC consisting
of quinol and cytochrome terminal oxidases with differ-
ing energetic efficiencies (267). Knockout of the cydAB genes,
which code for the less efficient cytochrome bd oxidase, de-
creased the nongrowth-associated maintenance demand of
the engineered B. subtilis strain by 40% and increased the
riboflavin yield in fed-batch cultures. The B. subtilis mutant
apparently could channel more ATP to the product formation
pathway. Interestingly, respiration in B. subtilis appeared not
to be driven directly by the energy demand, because similar
specific O, consumption rates have been measured for the
B. subtilis reference strain and its cyd knockout mutant that
contrasts the behavior of E. coli as described above (26). That
enhancing the coupling of electron transport to ATP synthesis
is not a universally valid strain optimization strategy shall be
exemplified by the behavior of Zymomonas mobilis. This or-
ganism has an exceptionally fast operating homoethanol fer-
mentation pathway and completely satisfies its ATP demand
through substrate phosphorylation. Nevertheless, Z. mobilis
oxidizes NADH in the ETC if grown aerobically and deletion
of the dissipatively operating NADH oxidase (type II
NADH:CoQ oxidoreductase) leads to an increase of both
aerobic growth rate and biomass yield (163).

Some of the redox enzymes of the ETC and the ATP
synthase can operate in the opposite direction. In this mode
the ATP synthase functions as an ATPase, consumes ATP,
and translocates protons from the inside to the outside of the
cell or mitochondrion. The increased proton gradient in turn
can be used to regenerate NADH. This process of reverse
electron flow is important in many chemolithotrophic bac-
teria that utilize ferrous iron (Fe*"), nitrite (NO,), or ammo-
nia (NHj;) as electron- and thus energy source (23). Also
fermenting bacteria, which do not possess an ETC use the
ATP synthase as an ATPase to create a proton gradient,
which is used for the transport of nutrients or the export of
metabolic byproducts. Growth of Lactococcus lactis subsp.
cremoris MG1363 on minimal salt medium, for instance, was
shown to rely on the H"-ATPase as a H"-ATPase negative
strain of this organism failed to grow on chemically-defined
medium (177). Interestingly, addition of hemin to the L. lactis
mutant restored growth on minimal salt medium in the
presence of O,, indicating that hemin complements a respi-
ration-dependent proton transport system other than the
H"-ATPase (32). Indeed, Blank ef al. showed that L. lactis is
capable of forming cytochromes when hemin is provided in
the growth medium and that the partially restored ETC is
capable to couple NADH oxidation to the formation of a
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proton gradient. Also, Koebmann et al. (177) showed that the
function of the H"-ATPase is reversed towards an ATP
synthase in hemin supplemented L. lactis cultures growing
under energy limitation.

The presented examples show the complexity and diversity
of bacterial ETCs and point out the difficulties to quantify
NADH consumption and ATP production in this pathway. As
NADH is the main electron donor for the redox cofactor de-
pendent ETC, the ETC is a direct competitor for every bioca-
talytic redox reaction dependent on this redox cofactor.
Consequently, a full understanding of the control of the dis-
tribution of electrons in the branched ETC is important, as it
might open new possibilities for strain optimization for redox
biocatalysis. Summarizing, oxidative phosphorylation, due to
its high energetic efficiency in most aerobically grown or-
ganisms, enables the cells to grow with a high biomass yield.
For redox biocatalysis, this pathway however exhibits a
strong competition for reduced cofactors. Thus, for aerobic
redox biocatalysis with growing cells, a trade off between
high biomass yield and high biocatalytic performance has to
be expected.

3. Fermentative pathways. During fermentation (i.e., in
the absence of extracellular electron acceptors), redox cofac-
tors are balanced using central carbon metabolism inter-
mediates as electron acceptors, such as pyruvate during
homolactic fermentation of lactic acid bacteria and acetalde-
hyde during ethanol production by baker’s yeast. In Figure 9,
the fermentative pathways of E. coli, producing lactate and
mixed acids (i.e., formate, acetate, and ethanol), are depicted.

Since the 1860s and Pasteur’s finding that fermentation
products are produced by microbes, many alternative fer-
mentative pathways have been described (Table 3). These
pathways share certain properties: the redox balance is closed
and the energy gain, typically given as the amount of ATP per
consumed substrate molecule, is low. For example, under
anaerobic conditions, Saccharomyces cerevisiae produces 2 mol
ATP per mol glucose consumed and mixed acid fermentation
by E. coli or lactic acid bacteria generates up to 3 ATP per mol
glucose. This low energy yield is the reason why no organic
acid can be produced as free acid during anaerobic fermen-
tation below the pKa of the acid; transport under these con-
ditions is active and costs an additional ATP per molecule
produced (68, 336).

Some anaerobes compensate for this low yield by increas-
ing energy availability by increasing carbon uptake (68). The
sometimes extraordinarily high carbon uptake rates (e.g., by
Z. mobilis) result in high redox cofactor regeneration rates,
which are comparable or higher than those during aerobic
growth. This property renders anaerobic conditions attractive
for redox biocatalysis, as long as O, is no biotransformation
substrate as in the case of oxygenases.

Fermentation, however, must be redox-neutral (i.e., no net
oxidation or reduction of the substrate occurs considering
all products formed). Ideally, the fermentation product is
removed from the broth to avoid toxic effects and product
inhibition. One often used system is formate dehydrogenase-
mediated conversion of formate into CO,, which delivers 1
NADH (see also Section V.B).

Alternatively, the acetone synthesis reactions in Clostridium
acetobutylicum can be used, converting acetate into acetone,
which can be removed simply by gas stripping. The successful
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TABLE 3. RELATIVE RATES OF REDOX COFACTOR-DEPENDENT REACTIONS DURING GROWTH ON MINIMAL MEDIUM WITH GLUCOSE AS SUBSTRATE

ux
~!)  References

Redox cofactor

regeneration fl
(mmol gcpwh

Enzymes involved in NADH
oxidation

Enzymes involved in NAD™ reduction

Species

Fermentation product

137
253

34

Alcohol dehydrogenase

Glyceraldehyde-3-phosphate dehydrogenase

Glyceraldehyde-3-phosphate

Saccharomyces cerevisiae

Escherichia coli

Ethanol

9.5

Alcohol dehydrogenase

Acetate, ethanol, formate

dehydrogenase
Glucose-6-phosphate dehydrogenase,

115

115

Alcohol dehydrogenase

Zymomonas mobilis

Ethanol

glyceraldehyde-3-phosphate dehydrogenase
Glyceraldehyde-3-phosphate dehydrogenase

176

40

Lactate dehydrogenase
Lactate, acetaldehyde,

Lactococcus lactis

Lactate

36

50

Glyceraldehyde-3-phosphate dehydrogenase

Streptococcus zooepidemicus

Lactate, acetate,

and ethanol dehydrogenase

Lactate, acetaldehyde,

ethanol, formate

Ethanol, lactate

91

30

Glucose-6-phosphate dehydrogenase,

Leuconostoc mesenteroides

and ethanol dehydrogenase

P-gluconate dehydrogenase,

glyceraldehyde-3-phosphate dehydrogenase

Mannheimia succiniciproducens Glyceraldehyde-3-phosphate dehydrogenase

236
131

25
100

Malate dehydrogenase

Succinate

Butanol, ethanol, butyraldehyde,

Glyceraldehyde-3-phosphate dehydrogenase

Acetone, butanol, ethanol Clostridium acetobutylicum

103

35

butyryl-CoA dehydrogenase

butyryl-CoA, 3-hydroxy
NADH dehydrogenase

See Table 1

Escherichia coli during

None

aerobic growth
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implementation of these reactions eliminates acetate from the
fermentation broth in E. coli (27), but they have not been used
to enable anaerobic redox biocatalysis. From an industrial
perspective, low yields must be avoided, because the cost of
the carbon and energy substrate (here: electron donor) con-
tributes significantly to the overall cost of the biocatalytic
process (211). Therefore, the produced fermentation product
should also be valuable, if a commercially attractive redox
biocatalysis setup is envisaged.

The necessity for a balancing of different redox cofactors
(i.e. NADH and NADPH) is partially relieved by the presence
of transhydrogenases in several bacteria and most higher or-
ganisms, because they catalyze electron transfer between
NADPH and NADH and thus equilibrate the respective pools.
The biology and impact of the presence and absence of
transhydrogenases is discussed in the next section.

4. Transhydrogenase activities. For a balanced redox
metabolism, the rates of redox cofactor reduction and oxida-
tion must be highly similar. Hydride transfer between the two
different nicotinamide dinucleotides NADH and NADPH
increases the degree of freedom of cellular metabolism and
allows on-demand delivery of redox cofactors. Two alterna-
tive transhydrogenases, the soluble, nonenergy-dependent
transhydrogenase (EC 1.6.1.1) and the membrane-bound,
proton-translocating transhydrogenase (EC 1.6.1.2), catalyze
this interconversion summarized as NADH + NADP* «
NAD™ + NADPH (153).

The proton-translocating transhydrogenase consists of one
(e.g., in humans), two (e.g., in E. coli), or three polypeptide
chains (e.g., in Rhodospirillum rubrum) with a total length of
approximately 1000 amino acid residues, no prosthetic group,
and homologies among the different species throughout the
polypeptide chains (368). In E. coli, the protein complex fea-
tures 13 trans-membrane-domains: four in the a-subunit and
nine in the f-subunit (218). The C-terminus of the a¢-subunit
and the N-terminus of the f-subunit face the cytosol and
periplasm, respectively.

The soluble transhydrogenase is a flavoprotein that binds
flavin adenine dinucleotide as a cofactor. The protein has
approximately 470 amino acid residues and most likely
functions as a homo-octamer (46), although filament-like
structures that have an apparent weight of roughly 1000 kDa
have been reported for the soluble transhydrogenase in P.
aeruginosa (350).

Whereas the soluble transhydrogenase is found exclusively
in certain bacteria, the proton-translocating transhydrogenase
is expressed in some bacteria and in most mitochondria of all
major groups of eukaryotes (312). Based on a sequence search
of 648 bacterial genomes on the NCBI “microbes” BLAST
website (www.ncbi.nlm.nih.gov/sutils/genom_table.cgi), the
proton-translocating transhydrogenase is present in more
phyla and species compared with the soluble transhy-
drogenase (Table 4).

The presence of both transhydrogenases in one organism,
however, is not restricted to E. coli and close relatives within
the order enterobacteriales; it is common in other gamma
proteobacteria, such as the families Pseudomonadaceae and
Vibrionaceae. In addition, nonclassified gamma proteo-
bacteria, such as Alteromonas macleodii and Psychromonas in-
grahamii, harbor genomic sequences that are highly similar to
both transhydrogenases.
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TABLE 4. DISTRIBUTION OF THE SOLUBLE AND THE PROTON-TRANSLOCATING TRANSHYDROGENASE
IN THE BACTERIAL KINGDOM

Soluble trans-

Proton-translocating

Phylum® Class / order | family hydrogenase® transhydrogenase Comments
Actinobacteria some species some species both in e.g.,
Rhodococcus, Mycobacterium
Bacteroidetes none some species e.g., Salinibacter rubber
Chlamydiae none none exception: candidatus
Protochlamydia amoebophila,
ref INC_005861.1 |
Cyanobacteria none some species e.g., Synechocystis sp.,
Acaryochloris marina
Firmicutes none none exception: Oenococcus oeni
Proteobacteria
alpha many species many species both in many species,
e.g., Agrobacterium tumefaciens
beta none many species
delta some species some species both in Anaeromyxobacter
epsilon none none
gamma many species many species
Enterobacteriales many species many species both in many species,
e.g., E. coli
Pasteurellaceae none many species
Pseudomonadaceae many species many species both in many species,
e.g., P. putida
Vibrionaceae many species many species both in many species
Xanthomonadaceae none many species
Spirochaetes none some species Leptospira interrogans,

Treponema denticola

?Only phyla with representative numbers of fully sequenced genomes are presented.
Gene sequences were identified by tblastn using the UdhA and PntA sequences of E. coli as bait (www.ncbinlm.nih.gov/

sutils/genom_table.cgi) and by using genome annotation.

The other phyla, in which species that have both transhy-
drogenases were identified in our sequence comparison, are
actinobacteria and planctomycetes. This, however, does not
exclude the existence of species in other phyla that also have
both transhydrogenases. Homologs of the two transhy-
drogenases are not present in archaea (with the exception of a
putative proton-translocating transhydrogenase in candida-
tus Methanoregula  boonei, Genbank accession number
ref INC_009712.11), yeast, and many bacteria (Table 4).

The existence of no, one, or two transhydrogenases in an
organism raises interesting questions about their particular
role in redox metabolism. Whereas a principal role of the
proton-translocating transhydrogenase in the mitochondria
of eukaryotes is to prevent oxidative stress by maintenance of
reduced glutathione and systems that are linked to glutathi-
one/NADPH (e.g., thioredoxin and glutaredoxin) (275), the
functions of the transhydrogenases in bacteria are less clear.

5. Anabolic pathways. Anabolism is the set of construc-
tive metabolic processes where the energy released by ca-
tabolism is used to synthesize biomass constituents and
secondary metabolites. In general, the complex molecules that
make up cellular structures are constructed step-by-step
from small and simple precursors. A total of 75-100 building
blocks, coenzymes, and prosthetic groups are needed for
cellular synthesis that are all synthesized from 12 precursor
metabolites formed in the central carbon metabolism. The
assembly of the macromolecular components of cell mass
requires huge amounts of both energy (in the form of ATP)

and the redox cofactor NADPH, which have to be supplied by
the catabolic reactions. For example, the synthesis of 1 g of cell
dry weight (CDW) of E. coli requires 41 mmol ATP and
18 mmol NADPH (317a).

Whereas the NADPH requirements for the production of
one unit of biomass can be calculated from the stoichiometry
of the biosynthetic reactions, determination of the ATP de-
mand for biomass synthesis is more difficult as ATP is also
consumed in nonmetabolic processes (i.e., processes that do
not contribute to net synthesis of biomass) such as mainte-
nance of an electrochemical gradient across the plasma
membrane (up to 50% of the ATP produced (310)), futile cy-
cles such as ATPase-driven proton cycling through the
membrane, and turnover of macromolecules. These ATP
costs are generally termed maintenance demand and divided
in a growth-dependent (Yx,arp) and a nongrowth-dependent
term (matp). The values of these parameters strongly de-
pend on the strain and growth conditions. Values between 41
and 91 gcpw mol~! and between less than 1 and 18.9 mmol
gcow h~! have been reported for Yx, arp and marp, respec-
tively (307). Moreover, especially when growth is limited by
nutrients other than energy, energy generation is often un-
coupled from growth demands and excess ATP is wasted in
futile cycles (see Section III.B.2).

Obviously, redox biocatalysis coupled to cell growth is
faced with a great drain of carbon as well as energy and re-
ducing equivalents into biomass. In addition, high mainte-
nance energy requirements also reduce the yield of redox
equivalents available for the biocatalytic reaction (Fig. 11).
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FIG. 11. Maximal NADH yields of E. coli in dependence

of maintenance energy demand (dashed line) and cell
growth (solid line). NADH yields were simulated by flux
balance analysis (based on the reaction network shown in
Figure 9) applying the objective ‘maximize NADH regener-
ation’. The glucose uptake rate was set to 1 mmol chwhA
and 10mmol gcpwh ! for the simulations with varying
murp and growth rate, respectively. Solutions were com-
puted with the MATLAB (The MathWorks Inc., Natick, MA)
function ‘linprog’.

Hence, for redox biocatalysis, the use of strains with a high
energetic efficiency (or low maintenance demand) and/or
nongrowing cells is preferable. However, biocatalysis with
nongrowing cells faces other hurdles such as reduced meta-
bolic activity and instability of the biocatalytic enzyme (63).

6. Hydrocarbon degradation pathways. Many of the
above presented oxidoreductases interesting for biocatalysis
are involved in degradation pathways of aliphatic and aro-
matic compounds, making these diverse molecules accessible
for microbes as carbon and energy source [see (124) for a
comprehensive review, and http: /umbbd.msi.umn.edu/ for
a comprehensive database]. As a figurative description, the
catabolic funnel was introduced, containing all degradation
pathways that ultimately “funnel” into the above described
biochemical reactions of central carbon metabolism. More
specifically, the activation of compounds by introducing
oxygen from O,, thereby forming the corresponding alcohol
typically initiates the degradation of hydrocarbons, which
proceeds via the aldehyde and the acid. Depending on the
compound to be degraded, acids can subsequently be chan-
neled into ortho or meta cleavage pathways (i.e., aromatic
hydrocarbons) or esterified with CoA and further degraded
for example via f-oxidation (i.e, aliphatic hydrocarbons),
eventually flowing into the common central carbon metabo-
lism. The degradation pathways do not per se consume redox
cofactors as the electrons needed for alcohol synthesis by, for
example, a monooxygenase typically are recovered during
subsequent dehydrogenations to, for example, aldehydes and
acids. Finally, the complete oxidation of the compounds in
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the TCA cycle allows regeneration of redox cofactors needed
for all cellular processes (see Section III.A.1). An interesting
concept not yet discussed in this review is the so called co-
metabolism (i.e., the partial degradation of substrates that
cannot sustain growth) (155). Co-metabolism (i.e., the degra-
dation of a co-substrate, also named auxiliary substrate)
causes an increase in biomass yield by providing additional
electrons for energy generation via cell metabolism (17). This
concept was intensively discussed in the context of bioreme-
diation for increasing degradation rates of xenobiotics, which
are man-made chemicals not easily accessible by enzymes
involved in degradation. Using a growth substrate (e.g., glu-
cose) in the presence of a xenobiotic that can be (partially)
degraded will result in higher biomass yields and growth
rates, compared to xenobiotic degradation alone. The concept
of co-metabolism was not explicitly discussed for increasing
yields during biocatalysis, although the concepts of artificial
redox regeneration systems presented in Section V.B take
advantage of such an auxiliary substrate as an additional
electron donor. This concept, however, was applied to produce
dead end metabolites (e.g., 5-methyl-2-pyrazinecarboxylic
acid from 2,5-dimethylpyrazine with wild-type P. putida mt-2
growing on p-xylene and using the same xylene degradation
pathway for both growth and biotransformation) (171, 172).

Having discussed the biochemical inventory of a cell that
can be used for redox biocatalysis, we present in the following
how these metabolic modules operate and how this operation
can be monitored.

B. Operation of metabolic modules

In this section, we discuss how redox cofactors are re-
generated in metabolic networks fulfilling the constraints of
mass and redox conservation.

1. Introduction to the balancing concept and the resulting
stoichiometric models. In the preceding section, we intro-
duced the different modules of microbial metabolism. The
array of active reactions within these modules cannot operate
independently but have to obey conservation principles
with respect to elements, mass, enthalpy, and charge. Thus,
elemental or mass balance equations can be employed to
relate conversion rates that describe the metabolic system. In
the beginning of the use of mathematical models in bioengi-
neering science, a black-box approach was applied, in which
the cell was treated as a black-box that exchanges material
from its environment and processes it through many cellular

substrate substrate
Co, Co,
byproducts byproducts
cell mass cell mass
A B
FIG. 12. Graphical presentation of the two modeling ap-

proaches black-box modeling (A) and stoichiometric
modeling (B).
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reactions, which are lumped into one for the overall cell bio-
mass growth (Fig. 12).

As atomic species are conserved in the overall conversion of
substrates to metabolic products and biomass, the elements
flowing into the system must balance the elements flowing
out of the system. Hence, each element considered in the
black-box obviously yields one constraint as for each an ele-
mental balance can be written. Considering, for example,
the elements C, H, O, and N yield a linear equation system
with four rows and a number of variables equal to the number
of substrate uptake and product formation rates. The system
can be solved if it is determined, that is if the number of
independent variables—the unknown reaction rates—equals
the number of elemental balances. The system is overdeter-
mined if less unknown rates exist than constraints and the
redundancies can be used to check the consistency of the data
and improve the accuracy and credibility of the measured
rates by balancing and gross error diagnosis, respectively (338).
Gross measurements errors in yeast cultures due to evapo-
ration of ethanol have, for example, been detected by this
approach (232). Furthermore, black-box models have fre-
quently and successfully been used to determine maximal
biomass yields on O, and different carbon sources (269), to
determine unmeasured rates [e.g., with respect to CO, evo-
lution or O, uptake (79)], and for process control (348).

The black-box approach is very useful when the aim is to
check the overall balance of carbon or any other element
flowing into and out of the cell, but it does not supply any
information about the processes occurring inside the cell. In-
tracellular reaction rates (fluxes) are however of utmost im-
portance in metabolic engineering with the aim not (only) to
improve the bioprocess by adapting process parameters
but by improving the performance of the microbial cell itself
(i.e., by engineering the cell metabolism). Intracellular fluxes
cannot be measured directly but can be calculated by solving
the mass balances of the intracellular metabolites. This con-
cept is referred to as metabolite balancing in contrast to ele-
mental balancing in the black-box approach. Assuming that
the metabolism resides in a (pseudo)-steady state, that is,
no metabolite concentration changes occur over time, estab-
lishing the mass balances of all metabolites of the system
under consideration yields the equation system given by

Eq. (1).

dey

dat S11 812 '+ S 71 0
ddif S21 S cr S 2 0
% Sml  Sm2 " Smn T'n 0
Sr=0 Eq.(1)

In this equation c; is the concentration of metabolite i, s; the
stoichiometric coefficient of metabolite i in reaction j, and 7; the
rate of reaction j. ¢ is the vector of the m metabolite concen-
trations, S is the stoichiometric matrix, and r the vector of then
reaction rates.

Modeling the system in a (pseudo)-steady state has
the great advantage that this appoach solely relies on the—
generally well determined—stoichiometries of the underlying
biochemistry and does not require data on reaction kinetics, of
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which most have not been determined, yet. Certainly, con-
struction of explicit kinetic models is highly desirable for
predictive metabolic modeling as these models allow for the
most detailed and quantitative description of the dynamics
and function of the metabolic system. However, use of large-
scale kinetic models, required, for example, to describe whole
cells, is not only hampered by the lack of reliable kinetic pa-
rameters but also by the inevitable computational complexity
of such models and the hard interpretability of large-scale
simulations, which is still a matter of dissent. Due to these
hindrances, kinetic modeling is currently often limited to
smaller (sub)-systems or individual pathways but has, nev-
ertheless, contributed significantly to the understanding of
metabolic regulation principles (106, 344). In this review, we
focus on stoichiometric modeling and its contribution to un-
ravel and improve redox biocatalysis and refer the reader to
references (154, 308) for comprehensive reviews about kinetic
modeling.

To compute intracellular reactions rates at steady state, the
equation system given by Eq. (1) has to be solved. However,
since the number of reactions n in real metabolic networks
mostly is much larger than the number m of internal metab-
olites, the equation system is underdetermined and an infinite
number of flux distributions r would usually be generated
with the linear equation system (Eq. (1)).

Several methods for the analysis of the space of feasible flux
distributions, which describe the metabolic capabilities of
the organism, and methods to infer a single flux distribution
for specific conditions exist. These methods shall briefly be
described in the following. For an in-depth description the
reader is referred to (260, 307).

a. Constraint-based modeling. The basic idea of constraint-
based modeling is to shrink the solution space by applying
additional constraints besides the steady-state constraint gi-
ven by Eq. (1). Such constraints are, for instance, imposed by
thermodynamics (irreversibility of reactions), enzyme capac-
ity constraints (maximal uptake/reaction rates), or regulatory
mechanisms (set of active reactions in dependence of envi-
ronmental conditions). The addition of these constraints re-
sults in a bounded solution space. By analysis of the
constrained system, it is thus possible to dissect between
feasible and infeasible flux distributions.

b. Flux balance analysis. Flux balance analysis (FBA) iden-
tifies extreme patterns in the constrained solution space that
maximize a particular linear objective function. The opti-
mal flux distribution is calculated by linear programming.
Whereas the optimal value is unique, the calculated flux dis-
tribution itself might not be unique, especially in large-scale
networks (194, 207). Thus, even when optimality is assumed,
it may happen that only little can be said about the flux dis-
tribution inside the cell; only some reaction rates can be
specified that are fixed in the optimal solution. Addition of,
for example, regulatory constraints (81) or application of
thermodynamic feasibility or performance analysis (134, 366)
have proven useful to reduce the number of optimal flux
distributions. For example, Beard and coworkers have con-
ducted studies aimed at eliminating internal flux cycles (24)
(i.e., sets of reactions for which the overall reaction is zero,
suchas A - B - C - A). According to the first law of ther-
modynamics, the overall thermodynamic driving force
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through this cycle must be zero, meaning that no net flux
through this cycle is possible. Through the introduction of
appropriate constraints, flux distributions from FBA did no
longer involve any flux through such cycles, thereby sub-
stantially reducing the fluxsolutionspace. Inanotherapproach,
Henry et al. investigated the thermodynamic feasibility of
reactions by calculating the Gibbs free energy change for all
reactions of the genome-scale metabolic network of E. coli
(133). According to thermodynamics, the occurrence of a re-
action is only possible if the Gibbs free energy change of
reaction is negative. As the analysis relies on data of Gibbs
energy of formation and intracellular metabolite concentra-
tions that are mostly unknown, the authors used a group
contribution method to estimate Gibbs energies and allowed
metabolite concentrations in the range of 20 mM to 10> mM.
Due to these uncertainties, only five reactions (of 873) were
identified to be strictly irreversible, indicating the need for
more accurate data for the assignment of reaction directions.
Indeed, improvements of the group contribution method
(134, 156) have recently been reported. This progress and the
continuously increasing quality and performance of quanti-
tative metabolome analyses will increase accuracy and ap-
plicability of this approach.

FBA has successfully been applied for the determination of
maximal product yields (339) or the identification of gene
knockout or gene insertion targets for strain improvement (6,
55). The limitations of FBA can be illustrated by means of a
study of Blank ef al. (37), in which maximal NADH regener-
ation rates available for redox biocatalysis were estimated by
applying FBA on a central carbon metabolism model of E. coli.
While the predicted dependency of the NADH regenera-
tion rate on the metabolic networks was reflected in the rates
achieved for oxygenase catalysis with isogenic single gene
knockout mutants, the calculated NADH regeneration rates
exceeded about 3-fold the NADH demand for the oxygena-
tion reaction. This discrepancy points out that the applica-
bility of this method is restricted to the exploration of the
capacities of a metabolic network, but that these calculated
maximal values might not readily be achievable as microbes
are typically not evolved for a maximal NADH regeneration
rate.

To calculate flux distributions that are more consistent with
the metabolic state of an organism, an objective function
that reflects the true biological objective has to be chosen.
Frequently used optimality criteria for this purpose are
maximization of growth rate or ATP production and the
minimization of the sum of squares (44, 98, 284). In a recent
study, Sauer and coworkers compared flux ratios calculated
by applying 11 different optimality criteria and 9 additional
constraints (yielding 99 objective/constraint combinations)
and compared them to flux ratios determined from '*C-based
metabolic flux analysis (see Section IV.C) experiments (292).
No single objective described the flux states under all condi-
tions, but the study showed that unlimited growth on glucose
in O, or nitrate respiring batch cultures is best described by
nonlinear maximization of the ATP yield per flux unit whereas
under nutrient scarcity in continuous cultures, linear maxi-
mization of the overall ATP or biomass yields achieved the
highest predictive accuracy. Although FBA-predicted flux
ratios showed a high congruence with the experimentally
determined ratios for the carefully chosen objectives, the
predictive fidelity was only tested for a limited set of growth
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conditions and it is unclear whether the same constraints hold
true for other organisms than E. coli.

Metabolic flux analysis, which is described in the following
section, is better suited for the determination of the metabolic
state of an organism under specific conditions.

c. Metabolic flux analysis. Metabolic flux analysis (MFA)
tries to shrink the possible solution space of Eq. (1) by mea-
suring some of the reaction rates in a steady state experiment
(307). Ideally, enough reaction rates can be measured to ren-
der the equation system determined or even overdetermined
so that one unique solution remains for the actual flux dis-
tribution in the respective experiment. This solution then
describes the in vivo metabolic state of the investigated sys-
tem. In large complex networks, however, the measured ex-
tracellular reaction rates are often insufficient to render the
system determined. A special problem is that of reaction
dependencies; these reduce the rank of the stoichiometric
matrix, and hence the calculability of fluxes. Reaction depen-
dency occurs particularly in cyclic pathways, which are
abundantly present in metabolic networks. To solve these
underdetermined or rank deficient systems, additional con-
straints have to be found.

One possibility is the addition of cofactor balances (e.g., of
ATP, NADH, or NADPH). Addition of the ATP balance in-
creases the rank of the stoichiometric matrix by one unit and
equally the number of calculable fluxes. However, to close
the ATP balances, estimates for the ATP yield and the ATP
requirements for maintenance processes have to be made. As
mentioned in Sections III.A.2 and III.A.5, both factors are
difficult to determine and vary with growth conditions (283,
335). Furthermore, the calculated flux distribution is very
sensitive to changes in these estimates (45).

Separate balancing of NADH and NADPH is often com-
plicated as many organisms balance their ratios via transhy-
drogenases or transhydrogenase-like metabolic cycles (see
Section III.A.4). In these cases, only a mass balance that lumps
the two cofactors can be used. Additionally, NADH balancing
in respiring organisms is sensitive to the estimated value
for the efficiency of oxidative phosphorylation (H*/ATP
stoichiometry) and the accuracy of the measured O, uptake
rate (278).

Restricting the reaction directionality of irreversible reac-
tions is a means to enhance the quality of MFA. Although this
information does not increase the calculability of metabolic
reactions, it constrains the solution space, in which all possible
flux distributions are situated, and thus allows to fine tune the
calculated flux distribution. To assess the directionality of
reactions, a thermodynamic feasibility analysis can be applied
(134, 189).

Due to the aforementioned limitations of flux distribution
calculations, especially for the determination of NAD(P)H
formation rates, >C-based metabolic flux analysis is used to
overcome some of these limitations. This method, which will
be described in detail in Section IV.C, uses information on the
incorporation patterns of '°C atoms into biomass components
as additional constraints and allows a significantly higher
resolution of intracellular fluxes. The predominance of this
method is also reflected in the examples given below, in
which mostly '*C-based metabolic flux analysis has been
applied to elucidate the redox metabolism of different or-
ganisms.
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2. Stoichiometric constraints on redox metabolism. To
sustain growth, accumulation of the reduced cofactors
NADPH and NADH and the depletion of their oxidized form
have to be avoided (i.e., the cell has to adjust supply and
demand of these cofactors precisely). Subject to the available
metabolic pathways, the organisms achieve this balance
through different metabolic modes.

a. Function of transhydrogenases. In E. coli having both
transhydrogenases, divergent functions of the soluble and
proton-translocating transhydrogenases in NAD(P)H metab-
olism have been described (281). The soluble pyridine nucle-
otide transhydrogenase (UdhA) was found to be essential
during growth with excess formation of NADPH (281), as
observed on acetate (from isocitrate dehydrogenase) and in a
phosphoglucoisomerase mutant on glucose (from the glu-
cose-6-phosphate and 6-phosphogluconate dehydrogenases),
implicating NADPH oxidation as a major function of UdhA.
Under standard laboratory conditions, using glucose as the
carbon and energy source, it was estimated that the proton-
translocating transhydrogenase contributed 35%—45% of the
NADPH required for biomass synthesis (281); thus, UdhA has
a major function in NADP™ reduction.

Cirino and colleagues attempted to increase NADPH
availability for the biocatalytic synthesis of xylitol from xylose
by manipulating transhydrogenase activity. Notably, the ab-
sence of UdhA or presence of PntAB failed to influence bio-
catalytic performance (74), necessitating additional studies on
the role of transhydrogenases in E. coli and bacteria in general.
In addition, Sauer et al. (281) reported that transcription of the
two transhydrogenase genes is regulated by the demand in
enzymatic activity and raised the issue of how organisms that
lack one or both transhydrogenases close the redox cofactor
balances. Studies that have pursued the elucidation of trans-
hydrogenase-like activities explain how organisms overcome
this limitation. Examples are briefly summarized in the fol-
lowing section.

b. Transhydrogenase-like metabolic cycles. The absence of
transhydrogenases constrains the rates of cofactor reduction
and oxidation, because they have to be carefully balanced for
both NADH and NADPH. In S. cerevisiae, these restrictions
lead to the production of the reduced byproduct glycerol
during growth on glucose, balancing surplus NADH that
originates from biomass synthesis (33, 137).

Alternatively, transhydrogenase-like cycles were pro-
posed to relieve these stringent constraints. For example, a
phosphoglucoisomerase deletion in S. cerevisiae resulted in
increased NADPH regeneration via the two PP pathway
reactions through glucose-6-phosphate dehydrogenase and
6-phosphogluconate dehydrogenase, leading to NADP*
-depletion and cease of growth. This phenotype was sup-
pressed in a mutant that had increased NADH- and
NADPH-dependent glutamate dehydrogenase activities. The
parallel activity of the two alternative enzymes resulted in a
net conversion of NADPH to NADH.

Because the phosphoglucoisomerase deletion is not lethal
in Kluyveromyces lactis, similar transhydrogenase-like cycles
were proposed to exist in this yeast. A compartmented cycle
that involves NADH- and NADPH-dependent alcohol de-
hydrogenases (242) and a phosphorylating glyceraldehyde-3-
phosphate dehydrogenase that has dual cofactor specificity
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(342) has been described. However, Siso and colleagues re-
ported that these transhydrogenase-like cycles are insignifi-
cant in K. lactis (317); rather, the external mitochondrial
dehydrogenases that accept cytosolic NADPH as an electron
donor and, to a lesser extent, the enzymes that are involved in
the oxidative stress response are the sinks for the excess
NADPH that is formed in the PP pathway.

Although many bacteria and all reported yeast species do
not express transhydrogenases (Table 3), little information
exists on NADPH balancing. Recently, textbook material on
cofactor specificity has been shown to be limited to E. coli and
not to be appropriate for other bacteria. In particular, the PP
pathway does not rely exclusively on NADP™" in most species
and can accept NAD7, thereby avoiding redox cofactor im-
balances (116).

c. Organism-specific redox cofactor balancing. Under aerobic
conditions, O, serves as a final electron acceptor in respira-
tion, which enables the continuous oxidation of the reduced
cofactor NADH and can be coupled to or decoupled from
ATP formation, as has been described in Section III.A.2. ATP
produced in excess to the microbial energy demand can be
dissipated in futile cycles. The C;—C4 metabolite interconver-
sions at the anaplerotic node (Fig. 13) constitute potential futile
cycles. The microbe Corynebacterium glutamicum is endowed
with all decarboxylation and carboxylation reactions shown
in Figure 13. Petersen et al. (255) showed by '*C-based MFA
that this organism exhibits an intensive cyclic flux cata-
lyzed by pyruvate carboxylase, PEP carboxykinase, and
pyruvate kinase, exceeding the anaplerotic flux required
for biomass synthesis 3-fold wasting 1 ATP per cycle. This
wastage was discussed to be relevant for operation of me-
tabolism under excess resource conditions. In contrast,
under highly energy-demanding conditions the pyruvate

glycolysis
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FIG. 13. ATP dissipating futile cycle in C. glutamicum.
This cycle, which has been detected by 13C-based MFA,
consumes one ATP per turn (255).
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carboxylase of C. glutamicum is inhibited and the C;-C,
futile cycle is reduced.

Consequently, as long as O, supply and the capacity of the
ETC do not get limiting, NAD" regeneration is easily ac-
complished in aerobically growing cells. If one of these factors
limits NADH oxidation, the cells achieve a closed redox bal-
ance only if they reduce the NADH yield per catabolized unit
of carbon source via incomplete oxidation of the substrate.
This aerobic excretion of byproducts, which is observed for
example in E. coli as acetate accumulation or in S. cerevisiae
as ethanol formation, is called overflow metabolism or the
Crabtree effect.

Likewise, under anaerobic conditions, microorganisms
achieve a redox balance by reduction of pyruvate or acetyl-
CoA, as described in Section III.A.3. To sustain growth, some
pyruvate or phosphoenolpyruvate (PEP) has to be chan-
neled into the TCA cycle to produce the biomass precursors
oxaloacetate, 2-oxoglutarate, and succinyl-CoA. However,
cyclic operation of the TCA cycle would lead to significant
NADH accumulation under anaerobic conditions. To enable
the allocation of biomass precursors, the TCA cycle opera-
tion is shifted from a cyclic mode to a branched pathway, in
which the cycle is split into a reductive and an oxidative part
with the end products succinyl-CoA and 2-oxoglutarate,
respectively. In this mode, the enzyme fumarate reductase
with fumarate as a terminal electron acceptor is used instead
of succinate dehydrogenase. The electron donor is mena-
quinol, which commonly serves as a membrane-soluble,
mobile electron carrier between respiratory complexes un-
der anaerobic conditions (152). Menaquinol is regenerated
via oxidation of NADH by NADH dehydrogenase that
accepts menaquinone as electron acceptor in the absence of
O,, nitrate, or nitrite (319). In total, the reduction of 1 mol
pyruvate or 1 mol PEP to 1mol succinate consumes 2 mol
NADH.

The overproduction of the fermentative byproduct succi-
nate is a suitable example to illustrate how redox cofactor
balancing can constrain maximal product yields. The maxi-
mum theoretical succinate yield from glucose derived solely
from a carbon balance is 2mol mol ' or 1.31g g *. However,
if a closed redox balance is forced, the succinate yield signif-
icantly drops. The actual achievable yield thus is limited by
the supply of reduction equivalents. Moreover, the yield de-
pends on the metabolic network as has been shown in several
studies (82, 196, 341), in which maximal succinate yields have
been calculated by stoichiometric analyses.

Two principal routes for the production of succinate have
been described: The anaerobic reductive TCA cycle branch
described above and the aerobic glyoxylate shunt (Fig. 14).
The succinate yield of both pathways is the same (1 mol
mol ). Whereas the aerobic route produces 5 mol NADH and
2mol ATP per mol succinate produced, the anaerobic pro-
duction of succinate via the reductive TCA cycle branch is
limited by the supply of NADH (also see the net equations in
Fig.14). The NADH limitation of the latter route can be alle-
viated by the addition of a NAD"-dependent formate dehy-
drogenase, which couples the reduction of NAD™ to the
oxidation of formate to CO, and thus leads to an increase of
the theoretical succinate yield on glucose to 1.33 mol mol .
More promising, however, is a combination of the two pro-
duction pathways, which allows for a maximal theoretical
succinate yield of 1.71mol mol ™" (1.21g g™"). Indeed, the si-
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FIG. 14. Anaerobic (A) and aerobic (B) succinate pro-
duction pathways in E. coli.

multaneous activity of these pathways can be achieved by
dual-phase fermentations, with an aerobic growth phase fol-
lowed by an anaerobic production phase. Applying this ap-
proach, Vemuri et al. (341) reached a succinate yield of 1.5 mol
mol !, which is appr. 88% of the theoretical yield achievable.
The example nicely demonstrates the importance of redox
cofactor balancing for the design of metabolic engineering
strategies.

The reduced cofactor NADPH is mainly used in biosyn-
thetic reactions. Organisms that do not possess other possi-
bilities to reoxidize this cofactor have to strictly adjust
the NADPH formation to the biosynthetic demand. In a re-
cent study, the intracellular flux distributions of 14 hemi-
ascomycetous yeast species have been determined, revealing
a linear correlation between the relative PP pathway flux and
the biomass yield and implying that the PP pathway flux is
driven by the NADPH demand for biomass synthesis and that
NADPH production and NADPH consumption are strictly
balanced (35). Analogously, Jouhten (160) could show that
this correlation also exists for S. cerevisine growing at pO,
levels varying between 20.9% and 0% in glucose-limited
continuous cultures.

Escherichia coli has several alternative glucose oxidation
pathways that differ in their NADH, NADPH, and/or ATP
yield. As has been shown previously (109), this organism
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FIG. 15. The PEP-glyoxylate shunt in E. coli. Figure
adopted from Fischer and Sauer (109).

exploits this redundancy to flexibly adjust its NADPH yield to
biosynthetic needs. Fischer et al. detected a bifunctional ana-
bolic and catabolic pathway that is characterized by the con-
joint activity of glyoxylate shunt and PEP carboxykinase for
complete oxidation of PEP to CO, (Fig. 15) and thus consti-
tutes an alternative to the TCA cycle. The net reaction of this
cycle reads PEP — 3 CO,+4 NADH + UQH, + ATP. Use of
this PEP-glyoxylate cycle prevents the formation of NADPH,
albeit at the expense of one ATP. The PEP-glyoxylate shunt
was identified in slow-growing, strictly glucose-limited che-
mostat cultures of E. coli and in glucose excess batch cultures
of a phosphoglucoisomerase-deficient mutant. As the latter
mutant is known to overproduce NADPH due to the exclu-
sive use of the PP pathway, PEP-glyoxylate shunt activity in
this strain might function as a means to balance this redox
cofactor. Equivalently, the slow-growing E. coli culture might
also be faced with an NADPH formation exceeding the bio-
synthetic NADPH demand.

On the other hand, deletion of the zwf gene encoding the
glucose-6-phosphate dehydrogenase leads to a reduction in
the NADPH yield in E. coli. However, deletion of zwf neither
alters maximal growth rate nor yield. This is due to the flex-
ibility of the E. coli metabolism that counteracts the deletion of
the PP pathway by doubling the TCA cycle flux and activating
the NADP*-dependent malic enzyme, thereby ensuring the
formation of 46% of the NADPH demand for biomass syn-
thesis. As in the wild-type strain that synthesizes the same
fraction via PP pathway and TCA cycle, the residual NADPH
is generated via the transhydrogenase PntAB.

d. Redox cofactor specificity of enzymes. Organisms with less
redundant metabolic pathways or lacking transhydrogenases
can use isoenzymes with different cofactor specificity or en-
zymes that accept both cofactors to balance the redox cofac-
tors.

The organisms Pseudomonas fluorescens and Z. mobilis, for
example, break down glucose exclusively via the Entner—
Doudoroff pathway. Calculation of NADPH regeneration in
these organisms, assuming the commonly accepted exclu-
sive cofactor use of the dehydrogenases, that is NADP*-
dependence of the glucose-6-phosphate dehydrogenase,
6-phosphogluconate dehydrogenase, and isocitrate dehydro-
genase as well as NAD " -dependency of the glyceraldehyde 3-
phosphate dehydrogenase and malate dehydrogenase, the
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NADPH formation rates in these two organisms exceed the
biosynthetic NADPH demand by 25% and 35%, respectively
(116). Due to the absence of transhydrogenase activity in these
strains, Fuhrer and Sauer questioned the reported cofactor
specificities. Indeed, in vitro enzyme activity studies con-
firmed that these strains contain PP pathway dehydrogenases
without any apparent preference for either cofactor at satu-
rated in vitro conditions or two isoenzymes with different
cofactor specificities. Albeit the cofactor preference at quasi
in vivo conditions shifted to NADPH, the remaining activity
with NAD™ is sufficient to yield a closed NADPH balance for
P. fluorescens, while, in Z. mobilis, an even NADPH balance can
only be achieved if the glucose 6-phosphogluconate dehy-
drogenase is completely NAD"-specific. In Z. mobilis, bal-
ancing of NADPH might be achieved by a non-exclusive
NADH specificity of dehydrogenases, for which relaxed co-
factor specificities have been reported in the literature (163).

Differential expression of isoenzymes with different redox
cofactor specificities has been reported for S. cerevisiae. Above,
we depicted that the PP pathway flux in S. cerevisae correlates
positively with the biomass yield and thus is driven by the
demand for NADPH and biomass precursors. Similarly, Frick
and Wittmann (113) observed a decrease of the relative PP
pathway flux with increasing growth rate in S. cerevisiae cells
grown in glucose-limited chemostats. Frick and Wittmann ran
chemostats at dilution rates between 0.15 and 0.40h~, at
which the yeast switched from fully respiratory via respiro-
fermentative to mainly fermentative growth. With increasing
growth rate, the contribution of the PP pathway to NADPH
formation decreased significantly from 113% to 51% of the
NADPH demand for biomass synthesis. The authors assumed
that under respiro-fermentative and fermentative growth
conditions, the reduced NADPH supply via the PP pathway is
compensated by a switch to the NADP*-dependent isoforms
of the isocitrate dehydrogenase and the acetaldehyde dehy-
drogenase.

Several other examples of isoenzymes with different co-
factor specificities exist, for example, NAD*- and NADP*
-dependent malic enzymes in E. coli or Rhizobium meliloti or
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6-phosphogluconate dehydrogenases in B. subtilis (373).
These enzymes have been studied in detail (43, 94, 200), but
their respective physiological functions and their potential
role in cofactor balancing have not been further investigated.

IV. Quantitative Analysis of Redox Metabolism

In this section, we introduce methods for the quantitative
determination of concentrations and regeneration rates of
redox cofactors in cells.

A. Regeneration rate vs. concentration
of redox cofactors

Based on regeneration rates, one can directly deduce
maximal biocatalytic rates that are critical for optimizing
whole-cell redox biocatalysis. Complementarily to the re-
generation rate, redox cofactor concentrations indicate, for
example, which enzymes operate effectively under given
conditions. Assuming simple Michaelis-Menten kinetics de-
scribed by the classic rate equation v = Vpay * [S] / (Kim + [S]),
in which the observed rate depends on the maximum rate of
catalysis by the enzyme (Vax), the substrate concentration
([S]), and the Michaelis—-Menten constant (K,,), it can be em-
phasized that intracellular redox cofactor availability for
biocatalysis not only depends on cofactor concentration and
regeneration but also on the two enzyme-specific parameters
Vimax and K.

Considering a functional metabolic network in a living cell
with over 100 redox cofactor-dependent reactions, the redox
cofactor concentrations directly define the achievable reaction
rate of each enzyme. Enzymes that have a low K, will be
saturated under most conditions that a cell encounters. For
example, the NADH-dependent dehydrogenases of the elec-
tron transport chain have very low Michealis-Menten con-
stants, highlighting their central role in NADH oxidation. To
efficiently couple an NADH-dependent enzyme to cellular
redox metabolism, the chosen enzyme should have a low K,
for NADH and, ideally, a high V., challenging the metabolic
capacitiy of the cell. To investigate these coherences and to
optimize whole cells for redox biocatalysis, strategies to in-
crease either the concentration of the total redox cofactor pool
or the regeneration of reduced cofactors (i.e., the rate) have
been proposed, as discussed in the following sections.

NADH concentrations in mammalian cells are reported to
be in the high micromolar range (e.g., 300 uM in mouse
erythrocytes, (367)), 1mM in yeast, and between 0.6 and
1.1 mM in bacteria (116). Notably, the majority of redox co-
factors is not freely accessible, but approximately 80% of the
redox cofactor pool is bound to enzymes (39, 370).

To increase total redox cofactor concentrations,
Wubbolts et al. (363) overexpressed the E. coli nicotinic acid
phosphoribosyl-transferase gene, which caused a 5-fold in-
crease in the intracellular concentration of NAD(H) when the
recombinant strain grew in the presence of nicotinamide, a
precursor of NAD". Further, an E. coli strain that contained a
higher total pool of reduced/oxidized nicotinamide adenine
dinucleotides exhibited an identical flux distribution as the
control strain during growth in a glucose-limited chemostat at
a dilution rate of 0.2 h ™, suggesting that NAD(H) availability
is not limiting under these conditions (30).

During redox biocatalysis, the deletion of pathways that
degrade nicotinamide adenine dinucleotides was investigated
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for its stabilizing effect on catalytic activity. However, cofactor
loss through damaged cellular membranes caused by harsh
reactions conditions and not intracellular cofactor degrada-
tion was found to be the chief reason that nicotinamide ade-
nine dinucleotide concentrations decreased (136). This could
partially be overcome by using an alternative redox cofactor
regeneration system (289).

The rate of redox cofactor regeneration is intrinsically
linked with the intracellular carbon flux distribution and the
rate of carbon substrate uptake. While intracellular flux
analysis, mainly by '*C-tracer based experiments, is becoming
a routine technique (282), first studies report the use of this
method to estimate redox cofactor regeneration rates dur-
ing biocatalysis (37, 38, 67). Comparing maximal theoretical
NADH regeneration rates sustained by the E. coli metabolic
network under resting cell (i.e., no growth) conditions with
biocatalytic oxygenation rates in wet lab experiments under
the same conditions, the latter rates were found to be 3- to
4-fold lower than the former, considering ideal oxygenation
stoichiometry (37). Similarly, during the NADPH-dependent
conversion of xylose to xylitol, Cirino and coworkers reported
a maximal yield of 4 mol,y;itol molglumse_1 (74), which is more
than 2-fold lower than the theoretical yield. The observed
discrepancies between theoretical redox cofactor regeneration
rates and biocatalytic performance were discussed in the
context of competing redox cofactor utilizing reactions (e.g.,
electron transport chain) dissipating energy in futile cycles,
nonoptimal flux distribution in the metabolic network (e.g.,
synthesis of byproducts), and nonefficient redox cofactor/
product coupling (i.e., nonproduct targeted electron transfer),
or a combination thereof (37, 74). Strategies to improve the
rate of redox cofactor regeneration for redox biocatalysis are
discussed in Section V.C.

As a reminder, the two alternative nicotinamide adenine
dinucleotides serve very distinct cellular functions, while
NADH mainly is involved in aerobic energy generation,
NADPH is the electron donor in biomass synthesis pathways.
To serve as an effective reductant, the NADP*/NADPH pool
must be kept in a sufficiently reduced state. Independently
from the carbon source used, a NAD"/NADH ratio of about
10 was reported for E. coli under aerobic conditions, while the
phosphorylated nicotinamide adenine dinucleotide pool
was more reduced at an NADP*/NADPH ratio of 1 (8). Since
E. coli posseses both the proton-translocating and the soluble
transhydrogenase, an additional level of regulation is re-
quired to prevent equilibration of the more reduced NADP(H)
pool with the more oxidized NAD(H) pool. The strong allo-
steric regulation of the soluble transhydrogenase [activation
by NADPH, inactivation by NADP™; reported for the P. aer-
uginosa enzyme (354)] might be part of this additional level of
regulation. Interestingly, Fuhrer and Sauer (116) reported
recently that the difference in reducing power of the two
nicotinamide adenine dinucleotides was species dependent
and, with a 3- to 5-fold difference in oxidized to reduced
species rather low and in Rhodobacter sphaeroides surprisingly
even identical, indicating significant differences in redox
metabolism between species.

Results from an engineered E. coli strain with an increased
nicotinamide adenine dinucleotide pool resulting in a higher
NAD"/NADH ratio suggest that the redox cofactor ratio per
se is not a determining factor for the regulation of fluxes
through central carbon metabolism (30). Instead, the intra-
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cellular availability of NADH might play a more critical role
(30). This was proposed previously upon studying NADH and
total NAD " /NADH levels during growth of several bacteria,
including E. coli (357). Under the tested growth conditions,
NADH levels were constant and independent of species and
carbon source, while the total pool of nicotinamide adenine
dinucleotides varied considerably between species and growth
conditions. Matin and Gottschal (212) confirmed these results
in chemostat experiments of a Pseudomonas sp. strain with
different limiting carbon sources, under nitrogen limitation,
and with different dilution rates. Once more, the NADH and
in addition the NADPH concentration were constant, while
the total pool sizes changed depending on the dilution rate.

In summary, the information content of redox cofactor
concentrations and regeneration rates are highly comple-
mentary. It is therefore desirable to quantify both values
during analysis and optimization of the host metabolism for
redox-biocatalysis. The state-of-the-art analytical methods for
respective quantifications are presented in the next para-
graphs.

B. Quantification of nicotinamide
adenine dinucleotides

The investigation of the roles of the redox cofactors
NAD(P)"/NAD(P)H in cellular metabolism and whole-cell
biocatalysis necessitates reliable methods for their quantifi-
cation. Although analytical platforms for redox cofactors have
become increasingly sophisticated (29, 208, 367) and have
been specifically adapted for quantification during whole-cell
biocatalysis (291), quantification of these cofactors remains
complicated. Parameters that have to be taken into account
independently of the analytical assay are the presence of in-
terfering substances, the stability of the redox cofactors, and
the rapid turnover inside the cell. The latter two items are
elaborated and the removal of interfering substances is dis-
cussed in the following description of the analytical methods,
wherever it is appropriate.

Because redox cofactors are frequently used to monitor
enzymatic activities through changes in absorbance at 340 nm
(Fig. 16), the impact of assay conditions on their stability,
especially of pH and the buffer system, has been examined
in detail (204, 273). The stabilities of oxidized and reduced
cofactors show inverse pH dependences. While oxidized co-
factors are stable at an acidic pH, the reduced forms are stable
at basic pH values (i.e., NADP*' and NADPH are stable at
pH values below 9 and above 6.5, respectively) (205). Not only
the pH, but also the combination of pH and temperature
influences nicotinamide adenine dinucleotide stability. For
example, the optimal pH for NADPH stability shifts to more
basic values above 8 at higher temperatures (205).

The frequently used phosphate buffer (buffering range
between pH 4.8 and 8.8) lowers the stability of reduced
nicotinamide adenine dinucleotides, most likely by trans-
ferring electrons from the pyridine group to the inorganic
phosphate (5). Alternative buffer systems, such as 0.1M
PIPES, stabilize NADH at pH 6.5 at 25°C, while a higher pH
of 7.8 and a higher temperature of 30°C caused NADH
degradation in a 40-minute-long spectrophotometric assay
(273). Other buffer components, such as acetate, are as un-
favorable as phosphate (362). The difference in pH sensi-
tivity of the reduced and oxidized forms is used to remove
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the reduced forms at pH values of approximately one (e.g.,
by HCIO,) and oxidized forms at pH 12 (e.g., by KOH) (204,
205). It was reported that the respective redox cofactors to be
isolated were stable for at least 2 hours under these condi-
tions (208).

Notably, little information exists on nicotinamide adenine
dinucleotide stability during whole-cell biotransformations.
One can envision that organic solvents, which are frequently
used as substrate/product and in situ extractants, influence
the stability of redox cofactors. To this end, Schroer and co-
workers (291) reported decreased stabilities of the reduced
and oxidized forms of NAD(H) and NADP(H) in the presence
of methyl acetoacetate and 2-propanol. A resting cell assay
without an additional carbon source for cell maintenance was
used, however, suggesting that the cells were not metaboli-
cally active but rather that they were used as a simple form of
an enzyme immobilizate with a regenerating enzyme and a
cosubstrate in place. In summary, developing a method to
quantify nicotinamide adenine dinucleotides requires careful
design of the buffer conditions that will introduce a compromise,
because the optimal stabilities of reduced versus oxidized
and phosphorylated versus nonphosphorylated cofactors
differ.

The “stability” of the reduced cofactors is significantly
lowered in cells under conditions at which enzymes can op-
erate, because the consumption rate is high compared with
the intracellular concentration (for most cells, between 1 mM
and 1puM total NAD*/NADH). Assuming a maximum
NADH concentration of 1 mM and an NADH regeneration
rate of 15mmol gCDWh’l, as reported for P. putida during
growth on minimal medium with glucose as the carbon
and energy source (38), the half-life is approximately 4 min-
utes. Because intracellular NADH is often present in the
umolar range and the redox regeneration rate during redox-
dependent biocatalysis can reach up to 100 mmol gcpw h!
(38), even shorter half-lives must be assumed.

Rapid sampling procedures that allow microbial metabo-
lism to be quenched in subseconds were developed to account
for the fast turnover of central carbon metabolism metabolites
[see (285) for a comprehensive review]. The methods are
primarily based on a combination of valves with minimized
dead volumes and a quenching solution (e.g., —40°C metha-
nol, liquid nitrogen, etc.). Sample treatment after quenching
wholly depends on the analytical method that is used for
quantification. In the next paragraphs, simple spectroscopic
techniques up to sophisticated liquid chromatography-mass
spectrometry (LC-MS) methods are summarized.

In the 1960s, enzymatic cycling methods to determine
NAD™, NADH, NADP", and NADPH concentrations were
developed (205, 233). The improved assays use changes in
color of thiazolyl blue tetrazolium bromide (MTT) to monitor
concentration (29, 202, 233). This cycling assay is highly sen-
sitive, but reproducibility is difficult to achieve, because en-
zyme stability and reagent handling influence the outcome of
the assay, in addition to other aspects. More specifically, in
our experience, alcohol dehydrogenase instability demands a
new calibration curve for each experiment. Minimizing light
exposure of MTT is crucial, because the color can change in
minutes when MTT is exposed to direct sunlight. Some
studies opine that samples are neutralized after acid/base
treatment, although a pH of approximately 7 can alter cofac-
tor concentrations. Following the protocols, the samples are
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not neutralized, but roughly half of the corresponding acid/
base that is necessary for neutralization is added. In addition,
as in any enzymatic assay, the linearity of the substrate to the
quantity to be measured must be considered. Therefore, ra-
ther a low amount of crude extract is generally used. It is
important to state that laboratories in which the cycling assay
is carefully established can generate high quality data.
Nevertheless, the myriad possible pitfalls ask for alternative
methods that are potentially simpler, are less prone to error,
and deliver additional information, such as the concentrations
of other cofactors (e.g., ATP) or intracellular metabolites (e.g.,
glucose-6-phosphate).

The simplest assay for measuring reduced redox cofactors
is spectrophotometry at 340nm, as discussed above (see
Fig. 13). This method is suitable only for samples that have
high concentrations (uM and higher) and low complexity,
however, because reduced cofactors and other compounds
absorb at this wavelength. To improve specificity and sensi-
tivity, high-pressure liquid chromatography (HPLC), which
allowed analytes to be separated, was coupled with a UV
detector (208). Mailinger et al. distinguished between oxidized
and reduced redox cofactors using acidic and alkaline sam-
pling conditions to remove the reduced and oxidized forms,
respectively, as explained above. However, only the oxidized
redox cofactors were quantified with high accuracy, because
interfering substances were present in the alkaline samples.
Therefore, the reduced redox cofactors were oxidized by a
glutamate dehydrogenase (208).

Mass spectrometers (MS) are more sophisticated detectors
for HPLC systems because they do not only quantify but also
enrich signals and confirm analytes. Yamada ef al. reported
detection limits for the quantification of NAD™ and its related
compounds to be as low as 0.1 pmol using HPLC-tandem
mass spectrometry (LC-MS/MS) (367). Recently, Schroer et al.
modified their metabolome method (206) to quantify NAD™,
NADH, NADP", and NADPH during the biotransformation
of methyl acetoacetate to methyl 3-hydroxybutyrate, using 2-
propanol as the substrate for redox cofactor regeneration. The
limit of detection was below 6 fmol and the limit of quantifi-
cation below 25fmol, with a short analysis time of 35min
(291).

Although the recent developments towards quantitative,
highly sensitive, and robust LC-MS/MS methods are prom-
ising, also here, the intrinsic and different instabilities of redox
cofactors have to be considered, especially with respect to pH
and buffer composition (273). Most HPLC methods operate at
a pH [e.g., pH 6.5 (208)], which can result in analyte deg-
radation. The impact of elution buffers also have to be con-
sidered, as phosphate and acetate enhance redox cofactor
degradation (273). Most likely, however, sample preparation
will limit the widespread use of these methods, because fast
sampling and sample conditions (e.g., temperature, buffer,
pH) will influence the outcome significantly, NADH degra-
dation of more than 50% was observed during sample prep-
aration (291).

Alternatives based on miniaturization of the cycling assay
(365), measurements of in vivo NADH concentrations
by 2-photon autofluorescence dynamics imaging (166), and
18C-nuclear magnetic resonance (NMR) (229) may overcome
some or all of the above mentioned limitations. The in vivo
approaches are particularly attractive, because they allow
real-time and non-cell-destructive analysis of NAD(P)H. In
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addition, cumbersome sample preparation is eliminated.
Two-photon autofluorescence dynamics imaging has not
been used to investigate microbial metabolism, most likely
due to the small size of many bacteria, which is on the order of
the wavelength of visible light. In addition, this technique
does not allow determination of the ratio of reduced to oxi-
dized cofactor.

In contrast, >C-NMR has been used extensively to ex-
amine sugar metabolism in L. lactis and other microbes (229).
During aerobic glucose metabolism of L. lactis, NAD" and
NADH concentrations of 3 and 0mM were measured, re-
spectively, while 1 and 2 mM were observed in the first hour
after glucose depletion (228). Although '*C-NMR is highly
potent, the expensive instrumentation, need for expert
knowledge, and the low sensitivity limit its general appli-
cability for the analysis of redox metabolism. The latter
makes it especially difficult to determine redox cofactor
levels during growth, because the required cell concentra-
tions (i.e., the required metabolite concentrations) are hardly
achievable; instead, high-cell density resting cell assays are
routinely used.

In summary, reliable determination of redox cofactor con-
centrations requires careful establishment of analytical and
sample preparation methods as well as careful data inter-
pretation.

C. Metabolic flux analysis for redox cofactor
regeneration rate estimation

As mentioned in Section I1L.B.1, **C-based MFA is currently
the best approach for the quantification of the in vivo flux
distribution and the unique technique for the calculation of
cofactor regeneration rates. With >C-based MFA, the limita-
tions of classical MFA can be overcome and a higher flux res-
olution can be achieved by complementing the stoichiometric
constraints used in MFA with isotope isomer (isotopomer)
constraints gained from a carbon labeling experiment. In
such an experiment, a substrate containing the stable isotope
tracer "°C is fed to the biological system. The labeled carbon
atoms are then distributed over the metabolic network and
the labeling patterns of intracellular metabolites or amino
acids located in proteins can be measured by NMR or MS
instruments.

The rationale behind these '°C tracer experiments is that the
carbon backbones of the metabolites often are manipulated
differently by alternative pathways, leading to distinct
13C-labeling patterns of the metabolites. Thus, constraints to
fluxes complementary to the basic stoichiometric constraints
can be derived by measuring the mass isotope distribution of
metabolites, that is, the relative abundances of molecules only
differing in the number of heavy isotopes. Currently, two
main approaches exist for the interpretation of the determined
13C-labeling patterns and the inference of intracellular fluxes.
In the global isotopomer balancing approach, the problem of
estimating metabolic fluxes from the isotopomer measure-
ments is formulated as a nonlinear optimization problem,
where candidate flux distributions are iteratively generated
until they fit well enough to the experimental '*C-labeling
patterns (288, 355). The second method is metabolic flux ratio
analysis, coined by Sauer as METAFoR (280), which relies
on the local interpretation of labeling data using probabilis-
tic equations which constrain the ratios of fluxes producing



REDOX BIOCATALYSIS

the same metabolite. The approach is essentially indepen-
dent of the global flux distribution in the entire metabolic
network (108, 280), meaning that flux ratios can be calculated
without knowing the uptake and production rates of external
metabolites and the biomass composition. If enough inde-
pendent flux ratios can be identified, it is possible to use
them to constrain the metabolic network equation system
and to calculate the full flux distribution within the network
(110).

Due to the great sensitivity of gas chromatography-mass
spectrometry (GC-MS) instruments as compared to NMR,
GC-MS analysis is today the most popular technique for de-
tecting *C-labeling patterns of metabolites. Highly sensitive
and high-resolution mass spectrometers enable the analysis of
proteinogenic amino acids from only 0.3mg CDW so that
experiments can be scaled down to deep-well microplate
format, allowing high-throughput >C-labeling experiments
at significantly reduced costs for the expensive isotopically
labeled substrate (34, 110).

13C MFA based on the measurement of proteinogenic
amino acid labeling pattern has the disadvantage that the time
to reach an isotopically steady state (no change of the labeling
pattern over time) necessitates running the experiments sig-
nificantly longer than the doubling time (1™ 1). Chemostat
experiments are, for example, generally run for at least three
complete volume exchanges before sampling. To overcome
this disadvantage, endeavors exist for measuring at nonsta-
tionary conditions the labeling patterns of intracellular me-
tabolites that have turnover rates in the second to subsecond
scale. The simultaneous measurement of intracellular metab-
olite concentrations and labeling patterns poses high chal-
lenges to the analytics because metabolite concentrations are
about 500-fold lower than that of proteinogenic amino acids.
Due to the rapid turnover of the metabolites, the sampling
technique has to ensure an immediate stop of the metabolic
activity (see Section IV.B for details). However, tackling these
difficulties is worthwhile as central metabolite-based MFA
not only reduces experiment duration but also increases the
resolution of intracellular fluxes and extends the scope of '°C-
MFA to nonstationary conditions, such as fed-batch fermen-
tations or transients in batch cultures, and to resting cells. See
Ref. (316) for a review of the recent advances in *C-based
MFA.

V. Coupling of Redox Biocatalysis
with Redox Metabolism

In this section, we present examples for applied redox
biocatalysis that couple a redox reaction of synthetic interest
(i.e., a redox cofactor dependent enzyme) to the host metab-
olism. In addition, strategies to increase redox cofactor re-
generation rates by using a second electron donor substrate or
by modifying the host’s central carbon metabolism are pre-
sented.

A. Examples from industry and academia

The presented examples cover five oxygenase enzyme
classes and one dehydrogenase class (see also Fig. 1). Where
possible, the interplay of redox metabolism and biocatalytic
performance of the whole-cell biocatalysts is discussed. For
detailed analyses on energetics of fermentation and biocata-
lysis examples, we refer to a recent summary article (68).
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As an example of a mononuclear nonheme oxygenase, we
chose the 2-oxoglutarate dependent proline 4-hydroxylase
from Dactylosporangium sp. strain RHI, a bacterium of
the class actinobacteria. The enzyme catalyzes the production
of trans-4-hydroxy-L-proline from L-proline. Two alternative
whole-cell biocatalysts have been constructed for this product
by the company Kyowa Hakko Kogyo Co. Ltd. (Tokyo,
Japan), which differed in the substrate used. For the one step
biotransformation of L-proline to trans-4-hydroxy-L-proline,
only the gene for the proline 4-hydroxylase was expressed in
E. coli (297). The catabolized carbon and energy source glu-
cose delivered the 2-oxoglutarate, which is a cosubstrate and
electron donor of the proline 4-hydroxylase. The products of
this reaction are succinate, CO,, and frans-4-hydroxy-L-proline.
This reaction running in parallel to the conversion of 2-
oxoglutarate to succinate in the TCA cycle costs one NADH
and one ATP, which would otherwise be generated by 2-
oxoglutarate dehydrogenase and succinyl-CoA ligase, respec-
tively. Interestingly, E. coli expressing proline 4-hydroxylase
showed an increased growth rate in the presence of L-proline
as compared to cells lacking this enzyme. As 2-oxoglutarate
dehydrogenase is repressed during growth of E. coli under
excess glucose, most likely by high NADH levels, the bypass
from 2-oxoglutarate directly to succinate via the proline 4-
hydroxylase might overcome the limiting rate of succinate
formation and hence of the TCA cycle. To make the addi-
tion of the biotransformation substrate obsolete, an E. coli
strain carrying a deregulated proline synthesis pathway
was engineered. The nonfeedback controlled genes of the
gamma-glutamylphosphate reductase (proA) and the gamma-
glutamyl kinase (proB) were introduced (298). To increase
proline synthesis and subsequently trans-4-hydroxy-L-
proline formation, the first gene (i.e., putA) of the proline
degradation pathway was deleted. The engineered strain
produced up to 25g/L trans-4-hydroxy-L-proline within a
rather long fermentation time of 96 h. Improvements with re-
spect to rate and titer were not reported, but targets for im-
provements are numerous, including the rate of proline
synthesis and the utilization of succinate. The synthesis of
trans-4-hydroxy-L-proline represents a good example for bio-
catalysis-directed strain engineering, starting with the choice
of substrate and not ending with the interplay with (redox)
metabolism.

The heme-dependent P450 monooxygenases are a very
interesting class of enzymes with members highly special-
ized for a certain substrate, while others are highly promis-
cuous (e.g., P450s of the human liver). Bureik and co-workers
established several whole-cell biocatalysts based on heter-
ologous expression of human P450 encoding genes using the
yeast Schizosaccharomyces pombe. These NADPH-dependent
enzymes were used for the synthesis of the designer drug
4’-hydroxymethyl-alpha-pyrrolidinohexanophenone using
P450 2D6 (254, 255), the synthesis of the designer drug N-
(1-phenylcyclohexyl)-2-hydroxyethanamine  using  P450
2B6 (254), and the synthesis of hydrocortisone from 11-
deoxycortisol using P450 11B1 (129), besides others. The low
rates and final titers reported for most of the substrates
asked for the elucidation of possible limitations. Production
of these heme-containing proteins appears to be efficient in
S. pombe. The supply of the cosubstrates O, and NADPH
was shown not to be limiting by quantitative physiology and
13C-tracer based MFA (92), leaving the intrinsic reaction
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rates and the mass transfer of the relatively large and hy-
drophobic substrates as the most likely limitations of P450
whole-cell biocatalysis.

The company Cognis (Monheim, Germany) reported on
engineered Candida tropicalis strains for the production of
long-chain dicarboxylic acids (161), which are important raw
materials for polymer synthesis in the chemical industry. The
strains overexpressed the native P450 monooxygenase and the
corresponding NADPH-cytochrome reductase genes and in
addition contained a deletion of the gene for the first enzyme
in the f-oxidation pathway. Aliphatic molecules with chain
lengths ranging from 12 to 22 carbons are substrates of this
P450, allowing the synthesis of a wide range of saturated and
unsaturated dicarboxylic acids. Actually, C. tropicalis en-
gineered in this way is the most efficient P450 based whole-
cell biocatalyst with respect to achieved rate (up to 1.9g L™
h™ ') and titer (up to 166 g L) (161). In a pathway engineering
project, P450 enzymes were used for the multistep synthesis
of hydrocortisone from glucose. In engineered S. cerevisiae, the
pathway to ergosterol was composed of one native P450
monooxygenase and four P450s of mammalian origin (315).
Although the reported production rate and final titers were
rather low, the chemical reactions carried out in one reaction
compartment are remarkable, indicating the potential of
P450 and biocatalysis in general for the synthesis of fine
chemicals (95).

The biocatalytic potential of the nonheme, binuclear xylene
monooxygenase was studied in great detail by Biihler et al.
(59, 60, 62). The enzyme originates from P. putida mt-2 and
was used in growing cells of recombinant E. coli. The synthesis
of alcohols, aldehydes, and acids from aromatic substrates
was shown to be possible with this single enzyme. The ap-
plication of the two-liquid phase concept (i.e., the use of
an additional organic solvent phase to increase substrate/
product solubility and to reduce cell toxicity) allowed the
targeted production, for example, of 3,4-dimethylbenzalde-
hyde from pseudocumene (61). It was shown that the initial
pseudocumene concentration was important for the exclusive
production of 3,4-dimethyl-benzaldehyde. For example, fur-
ther oxidation of the product to 3,4-dimethylbenzoic acid was
inhibited by pseudocumene or 3,4-dimethylbenzyl alcohol,
letting the authors conclude that only the careful use of the
two-liquid phase system allowed the exploitation of the
complex kinetics of the multistep oxygenation catalyzed by
xylene monooxygenase. Maximal productivities of upto 1.6 g
L ' h ! have been reported. The impact on redox metabolism
differs depending on the product formed with one NADH
consumed per alcohol, two per aldehyde, and three per acid
molecule produced. Furthermore, the NADH-dependent
back reaction from aldehyde to alcohol had to be considered.
This reaction was catalyzed by host dehydrogenases and
counteracted aldehyde synthesis, albeit to low extent. The
influence of NADH availability on the reaction rates was
further analyzed inter alin on the basis of a mathematical
process model for the two-step oxygenation of pseudocumene
to the corresponding aldehyde, which consumes a least two
NADH molecules per product molecule formed. Surprisingly,
a pH shift from 7.1 to 7.4 significantly reduced growth rates
and doubled specific biotransformation rates but had no effect
on single-step bioconversion rates in short-term experiments
based on resting cells (61, 66). This observation and process
simulation provided evidence for a pH-influenced competi-
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tion for NADH between XMO and the respiratory chain with
its consequential impact on bioconversion and cell growth.
For the simulation of such differential NADH limitation, a
pH-dependent feedback inhibition of the NADH consuming
bioconversions was introduced as a modeling tool, which
allowed good simulations of biotransformation experiments
performed at varying pH, scale, and initial substrate concen-
tration. A change in the pH influences the proton gradient and
thus the proton motive force over the cytoplasmic membrane
(300, 377), where the enzyme systems competing for NADH,
namely XMO and the enzymes involved in oxidative phos-
phorylation, are located. Therefore, a rise in the pH might
promote the flow of NADH to XMO at the expense of the flow
to the electron transport chain. This might cause additional
stress for the cells and interfere with cell growth. In fact, this
was reflected by lower biomass yields and growth rates at
higher biotransformation rates. The same enzyme was used
by Lonza Group Ltd. (Basel, Switzerland) for the selective
oxidation of a methyl group of heteroarenes to the corre-
sponding carboxylic acids utilizing wild-type P. putida mt-2.
The activity of the xylene monooxygenase was induced by
growing the cells on p-xylene. The required redox cofactor
regeneration was carried out by the xylene degradation path-
ways and especially the catabolism of the resulting products
in the TCA cycle (295). The process runs at a m>-scale with
multi tons of product produced per year (201).

The flavin-dependent styrene monooxygenase from Pseu-
domonas sp. strain VLB120 catalyzing the enantioselective
epoxidation of styrene to (S)-styrene oxide was investigated in
great detail by our group. We chose this enzyme for studying
its interplay with redox metabolism in whole-cell biocatalysts,
as high enzyme production above 20% of total protein, ac-
tivities of up to 100 U gCDwfl, and productivities of up to 13 g
Laq_1 h~! have been achieved with recombinant E. coli (241,
243). The stoichiometry of the catalyzed reaction involves one
NADH per product molecule formed, although slightly
higher NADH consumption was reported for the isolated
enzymes in vitro (241), which was explained by uncoupling of
NADH oxidation from product formation, a mechanism also
postulated to be present during biocatalysis in whole cells (37,
67). Substrate, product, and/or O, mass transfer and in vivo
enzyme activity were found not to limit the production rate.
In fact, NADH supply was postulated to limit oxygenase ca-
talysis at high rates (65). For example, a 50% higher specific
styrene epoxidation activity was observed for resting (i.e.,
nongrowing) cells as compared to growing cells, suggesting
that the competition for redox cofactors during biomass syn-
thesis lowers the rate of the epoxidation reaction. This hy-
pothesis was confirmed by decreasing the redox cofactor
regeneration rate and/or yield in styrene monooxygenase
containing resting cells using single gene deletion mutants of
E. coli’s central carbon metabolism (37). Indeed, the rate of
redox biocatalysis was dependent on the metabolic network
structure. For (S)-styrene epoxide production, growing re-
combinant E. coli cells are routinely used in our group in an
optimized two-liquid phase system to maximize substrate
addition and minimize substrate/product toxicity (244).
Thereby, the growing state ensures constant oxygenase levels.
Although partition coefficients for both substrate and product
were high in the solvent-water system used, high concen-
trations of (S)-styrene epoxide caused acetic acid formation,
membrane permeabilization, and cell lysis (246). Under these
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conditions, specific epoxidation, CO, evolution, O, uptake,
and glucose uptake rates decreased simultaneously. Since
CO; evolution is directly proportional to the generation of
reduction equivalents in the form of NAD(P)H and FADH,
during aerobic glucose catabolism (141), the simultaneous
decrease of glucose uptake rates, specific CO, evolution rates,
and specific styrene monooxygenase activities suggested that
decreasing cofactor regeneration rates may have reduced
biotransformation performance.

Solvent-tolerant P. putida DOT-T1E were able to increase
glucose uptake rates and redox cofactor regeneration rates on
demand (38). This strain, employed as a recombinant, allowed
(5)-styrene epoxide formation also in the presence of the toxic
low logP,,, organic solvent octanol. However, 3-times
lower specific activities and up to 10-times lower yields of (S)-
styrene epoxide per NADH regenerated were observed, when
compared to biotransformations in the presence of a nontoxic
solvent. This reduced biocatalytic activity combined with in-
creased glucose uptake rates and some additional detailed
analyses lead to the conclusion that, under these harsh growth
conditions, the redox cofactors are used for energy generation
to enable solvent tolerance rather than redox biocatalysis. As
possible reasons for low yields of (S)-styrene epoxide formed
per NADH regenerated, product toxicity, uncoupling, cell
maintenance, and regulatory phenomena have been dis-
cussed (37, 38, 67).

Another group of flavin dependent enzymes, the Baeyer—
Villiger monooxygenases, catalyze the stereoselective oxida-
tion of linear and cyclic ketones to the corresponding esters
and lactones, respectively (7). Recently, pilot-scale produc-
tion of a lactone employing cyclohexanone monooxygenase
was reported (22). The racemic substrate bicyclo[3.2.0]
hept-2-en-6-one was converted to an equimolar mixture of
(-)-(1R,55)-3-oxabicyclo[3.3.0]oct-6-en-2-one and (-)-(15,5R)-
2-oxabicyclo-[3.3.0]-oct-6-en-3-one. Limited substrate feed that
guaranteed nonlimiting O, levels and the avoidance of sub-
strate accumulation turned out to be important for the scale up.
The authors point out that, for an efficient downstream pro-
cessing, the substrate feed should be stopped before harvesting
as the chromatographic separation of the products is simple
when no or only trace amounts of substrate are present (22). In
this example, a maximal productivity of 0.6g L 'h'and a
final product titer of 45g L' were reported.

The toluene dioxygenase belonging to the mononuclear,
nonheme Rieske type dioxygenases (Table 1) was used to
produce toluene cis-glycol from toluene. In order to prevent
toxification of the whole-cell biocatalyst by toluene, a tetra-
decane based two-liquid phase system was used. In this sys-
tem, the cis-dihydrodiol dehydrogenase deficient P. putida
UV4 allowed the accumulation of the toluene degradation
intermediate toluene cis-glycol at volumetric productivities of
95¢g La‘{1 h™! (77, 203). The nontoxic, rather polar product
accumulated in the aqueous phase. The high activity of 120 U
gCD\,\f1 for this NADH consuming reaction suggests efficient
NADH regeneration by the cell metabolism on the carbon and
energy source glucose.

For 3-methylcatechol production, the toluene dioxygenase
was coupled to the cis-dihydrodiol dehydrogenase in a two-
step reaction that is redox neutral (i.e., NADH oxidation by
the dioxygenase and NAD" reduction by the dehydroge-
nase). Hence, the reaction sequence should add limited or no
redox burden to the cell. However, as the highly toxic product
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is poorly soluble in both water and organic solvents with a
high logPow, the toxic low logPow solvent octanol was cho-
sen as second phase. Using solvent-tolerant P. putida S12 as
the host strain (351), productivities of 0.067 g Laq’1 h!
were achieved. As reported for the epoxidation of styrene in
an octanol-water two-phase system (38), the low activities
suggest that the presence of octanol add a major burden
on cellular metabolism, reducing the capacities for redox bio-
catalysis.

ICI (Imperial Chemical Industries, Slough, UK) and others
previously used a benzoate dioxygenase from P. putida for the
production of cis-dihydrodiols, which are intermediates in the
synthesis of f-lactams. The natural host was used for gene
expression and cofactor regeneration via its central carbon
metabolism. Although the P. putida strain used tolerated high
substrate/product concentrations, cell growth (biocatalyst
production) and redox biocatalysis were separated in two
steps, as the cis-dihydrodiols inhibit growth at low concen-
trations (201). The reviewed benzoate and toluene dioxy-
genase examples highlight the competition between biomass
(i.e., biocatalyst) synthesis and biocatalysis, as both bio-
chemical processes depend on energy and redox cofactors
generated during catabolism. The proposed separation of the
two processes is valid as long as the biocatalytic activity is
stable. As an outlook, the concept of “zero growth” can be
mentioned here that aims at the uncoupling of biomass and
product formation (40).

Dehydrogenases are frequently used in industry for the
synthesis of fine chemicals (e.g., chiral alcohols). Here, we
present academic results and an industrial example for
the zinc-dependent NADPH requiring alcohol dehydro-
genase of Lactobacillus brevis (LBADH). LBADH was identi-
fied in a screen for oxidoreductases with low substrate
specificity (148). This enzyme showed interesting catalytic
activities (149) and, importantly, was highly stable. This sta-
bility was recently used by Schroer ef al. in the whole-cell
biotransformation of methylacetoacetate to (R)-methyl 3-
hydroxybutanoate, reporting high space time yields for
up to 7 weeks (289). In this example, the redox cofactor
dependent enzyme was not connected to cellular metabo-
lism and NADPH was regenerated via the oxidation of 2-
propanol to acetone catalyzed by the very same LBADH
(refer also to Section V.B). This example is especially re-
markable, as a maximal space time yield of 29g L' h™' and
a very low catalyst consumption of 0.0168 gcatalyst gproducfl
were reported, indicating the potential of whole-cell redox
biocatalysis. As the electron donor 2-propanol was added in
only slight excess, a redox cofactor regeneration rate in the
order of the product formation rate can be assumed.

The same enzyme was used by Codexis Inc (Redwood City,
CA) as a basis for generating a variant that efficiently cata-
lyzes the transformation of 4-chloro-3-oxobutyrate-ethylester
to (S)-4-chloro-3-hydroxybutyrate-ethylester, an intermediate
for the synthesis of a hydroxynitril ester. The latter compound
is a precursor of Lipitor (Pfizer Inc., New York, NY), a cho-
lesterol-lowering agent with a yearly production exceeding
100 tons. The redox cofactors were supplied by glucose de-
hydrogenase in an in vitro system based on isolated enzymes.
The applicability of this two enzyme reaction was achieved by
selecting variants of the enzymes that showed high activities
in the presence of 20% (w/v) substrate and butyl acetate as
solvent.
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CO.
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FIG. 17. Strategies for artificial redox cofactor regenera-
tion. (A) A dual-substrate enzyme is used that reduces the
redox cofactor using an auxiliary substrate while oxidizing
the cofactor in the target reaction. Here the most frequently
used system based on an alcohol dehydrogenase is shown.
(B) Alternatively, two enzymes are used for biotransforma-
tion and redox cofactor regeneration, respectively. Here, the
well-described formate dehydrogenase regeneration system
is shown.

The reviewed dehydrogenase examples indicate the po-
tential of artificial redox cofactor regeneration systems, which
are independent of the cellular redox metabolism (see next
section). Such systems, however, only are applicable to stable
enzymes and whole-cell biocatalysts (which, for example, do
not lose the redox cofactors due to permeabilization).

B. Atrtificial redox cofactor regeneration systems

For thoroughness, concepts for metabolism-independent
artificial redox cofactor regeneration systems are briefly in-
troduced with a focus on whole-cell biocatalysts. Explicitly,
we do not provide a comprehensive summary of such artifi-
cial cofactor regeneration systems, because a recent compre-
hensive review is available (353).

For whole-cell biocatalysis, two different artificial cofactor
regeneration strategies have been developed, both making use
of a second enzymatic reaction [Fig. 17, (353)], in analogy to the
substrate coupled and enzyme coupled cofactor regenera-
tion strategies for in vitro biocatalysis. Using a dual-substrate
enzyme for parallel oxidation of an auxiliary substrate (elec-
tron donor) and reduction of the target substrate (electron
acceptor), direct coupling of the rate of redox cofactor regen-
eration and biocatalysis can be guaranteed. The organic sol-
vent-resistant alcohol dehydrogenase from Rhodococcus ruber,
which catalyzes the synthesis of valuable alcohols using
2-propanol as the auxiliary substrate, is a prominent example
for this approach (180). 2-Propanol concomittantly is oxidized
to acetone (121, 289).

In the second approach, the auxiliary substrate is oxidized
by an additional enzyme, generating the reduced form of the
redox cofactors. A salient example is the formate dehydro-
genase (187, 293). Both enzymatic reaction systems that are
depicted in Figure 14 profit from the volatile products acetone
and CO,, which have limited (121) or no inhibitory effect on
biocatalytic rates, respectively. Formate dehydrogenase is
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frequently used in the industrial production of fine chemicals,
such as L-tert-leucine (185).

C. Network redesign

We have shown in Section III.B how redox cofactor bal-
ances constrain metabolic network operation and have poin-
ted out the flexibility of microorganisms to adjust the
metabolic fluxes to environmental or genetic perturbations.
This flexibility is exploited when performing whole-cell redox
biotransformations: The enhanced cofactor demand induced
by the biotransformation reaction is compensated for by the
host strain adequately adapting its metabolism. This interre-
lation between redox biocatalysis and host metabolism and
the possible limitation of redox biocatalysis by the host me-
tabolism have long been overlooked when optimizing redox
biocatalytic processes. Instead, optimization strategies fo-
cused on enzyme activity, selectivity, and specificity as well as
process design.

In contrast, in fermentation processes, in which the product
(e.g., amino acid, ethanol, lactate, or antibiotic) is produced
from the growth substrate by exploiting native metabolic
pathways, the necessary shift of carbon fluxes from biomass
to product formation pathways makes the interaction of bio-
catalysis and cell metabolism directly obvious. Optimization
of fermentation processes therefore included intensive path-
way engineering to relieve carbon limitation imposed by
metabolic bottlenecks. Moreover, systemic metabolic analyses
revealed that certain processes, which require large amounts
of reduced cofactors (e.g., amino acid or antibiotics produc-
tion) are not carbon limited but rather constrained by redox
cofactor supply. Such processes could be improved by re-
directing fluxes towards pathways with higher redox cofactor
yields (25, 335).

In the last decades, the advances in molecular biology
paved the way for synthetic biology that aims to design and
construct new biological components, such as enzymes, ge-
netic circuits, and cells, and to redesign existing biological
systems (169). This targeted and immense interventions in the
cell metabolism by, for example, de novo pathway design and
transfer to alternate hosts, clarified the importance of bal-
ancing heterologous pathways with the host metabolism—
both in terms of carbon as well as redox balance—not only for
fermentation but also for biotransformation processes. Thus,
today the potential of boosting the availability of redox
cofactors for biocatalysis improvement has generally been
recognized.

The ultimate aim of synthetic biology is the accurate pre-
dictive modeling of microbial chemical factories by computer-
aided-design (CAD) systems. But due to the complexity of
biological systems, such design tools still do not exist or are in
their infancy. Stoichiometric metabolic models fall into this
category and—as discussed in Section III.B.1—have only
limited predictive capability. Therefore, most of the currently
applied tools (encompassing metabolic flux analysis, tran-
scriptomics, proteomics, etc.) are analytical and allow only an
inverse engineering of the cell that is the determination of the
genetic and/or environmental factors conferring a desired phe-
notype (emerged by natural evolution or by for example random
mutagenesis or other nontargeted strain optimization tech-
niques) and endowing that phenotype on another strain or or-
ganism by directed genetic or environmental manipulation (19).
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Despite such limitations, these methods have proven useful
in engineering the redox metabolism of diverse microorgan-
isms. In the remainder of this section we will discuss strate-
gies for the rational redesign of host metabolism that could
alleviate redox cofactor limitation and ameliorate process
performance.

Constraint-based models have been used to tackle the
metabolic engineering problem of predicting gene knockouts
or insertions for strain optimization. The first to report a ra-
tional modelling framework for suggesting gene knockouts
leading to the overproduction of a desired metabolite were
Burgard et al. (69, 70). They developed OptKnock, an algo-
rithm that identifies reactions in a metabolic network that
enable the decoupling of cellular growth from product for-
mation. Knockout of the corresponding genes results in a
strain, in which growth is strictly linked to product formation.

OptKnock is implemented by formulating a bi-level linear
optimization problem in which both biomass and product
formation are optimized. The problem is solved using mixed
integer linear programming (MILP) that guarantees to find
the global optimal solution. The algorithm was applied to
identify in an E. coli metabolic network gene knockout targets
suitable for enhanced overproduction of succinate, lactate,
and 1,3-propanediol. The obtained in silico mutants were in
good agreement with engineered strains reported in litera-
ture. The same authors developed OptStrain, a computational
framework aimed at guiding pathway modifications for the
overproduction of a target compound through reaction dele-
tions from and insertions to a metabolic network. OptStrain
also affords to solve a MILP problem.

Bro et al. (55) applied a less comprehensive but substan-
tially less computationally demanding reaction insertion anal-
ysis to score strategies for the metabolic engineering of the
S. cerevisiae redox metabolism with the aim to a shift from
glycerol to ethanol formation under anaerobic conditions
without affecting the biomass yield. This was achieved by
applying FBA with the objective to minimize the glucose
uptake rate at a fixed growth rate equal to the maximum
specific growth rate of the wild type S. cerevisiae strain under
anaerobic conditions (x=0.27h"") and adding—one at a
time—3800 reactions of a metabolic reaction database. The
performance of these 3800 modified reaction networks was
evaluated. One of the best strategies was the addition of the
irreversible conversion of glyceraldehyde 3-phosphate and
NADP" into 3-phosphoglycerate and NADPH catalyzed by a
non-phosphorylating NADP*-dependent glyceraldehyde-3-
phosphate dehydrogenase, thereby completely eliminating
glycerol formation and boosting the ethanol yield by 10%.

In vivo testing of this strategy by expressing gapN of
Streptococcus mutants yielded a strain that produced 40% less
glycerol and 3% more ethanol under anaerobic conditions.
The maximal growth rate of this strain was not impaired and
biomass yield was slightly enhanced. The residual glycerol
formation was attributed to a limited glyceraldehyde-3-
phosphate dehydrogenase activity as a simulation with a
glycerol flux constrained to the experimentally determined
value precisely predicted the increased biomass and ethanol
yield.

Several other examples of successful implementation of
in silico derived gene deletion strategies exist in the literature
(13, 143, 170). Although these studies intended to redirect
fluxes towards product formation pathways, it turned out in
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some cases that the process was rather limited by redox co-
factor availability than by carbon supply. In contrast, a study
of Blank ef al. (37) focused directly on the estimation of the
maximal NADH regeneration capacity of E. coli considering
supply of this reduced cofactor as the limiting factor of the
NADH-dependent styrene epoxidation in recombinant E. coli
cells.

Besides the estimation of maximal NADH regeneration
rates, which can serve as target values for redox cofactor de-
pendent biocatalysis, the study showed the importance of the
PP pathway flux and transhydrogenase activity for efficient
NADH regeneration during growth on glucose. These find-
ings can guide future strategies for the rational design of
superior redox biocatalysts. Indeed, overexpression of trans-
hydrogenases and several PP pathway enzymes have already
been identified as metabolic engineering targets to improve
the rate of redox cofactor-dependent enzymes.

One example is the production of L-lysine in C. glutamicum.
The synthesis of one mol lysine requires 4 mol NADPH; to
satisfy this high redox cofactor demand, Becker et al. (25) sug-
gested an amplification of the PP pathway flux as a promis-
ing target to improve lysine formation. They pursued this
strategy by overexpressing a zwf gene in a C. glutamicum ly-
sine overproducer and measured a significant increase of the
lysine yield by 30%. Additional overproduction of fructose-
1,6-bisphosphatase resulted in an overall yield increase of
70%. “C-based MFA performed with the different strains
unraveled that the genetic modifications indeed resulted in a
higher PP pathway flux and that this flux correlated with
lysine production. However, in this case, the metabolic engi-
neering strategy did not originate from a computational
metabolic analysis but from a metabolic flux profiling study of
five successive generations of lysine-producing C. glutamicum
strains. Wittmann and Heinzle (359) showed in this study that
the relative PP pathway flux successively increased from
generation to generation, clearly corresponding to the prod-
uct yield. This inverse engineering—albeit not the ultimate
goal of synthetic biologists—has proven useful to identify
new, nonintuitive metabolic engineering targets (54, 138).

An alternative strategy to increase NADPH supply for ly-
sine production is the expression of the proton-translocating
transhydrogenase genes of E. coli. Depending on the carbon
source, an up to 300% higher titer and thus yield on carbon
source could be achieved, indicating that lysine production is
strongly NADPH limited (162).

Overexpression of transhydrogenases as a means to ame-
liorate cofactor supply has been applied in several other
processes. For example, improved synthesis of chiral alcohols
in a one-step biotransformation from the corresponding ke-
tones was reported with a recombinant E. coli strain over-
producing the proton-translocating transhydrogenase, an
NADPH-dependent alcohol dehydrogenase, and a NAD*
-dependent formate dehydrogenase (349). An NADP*
-dependent gluconate:NADP-5-oxidoreductase was en-
gineered into Gluconobacter oxydans to produce 5-keto-D-
gluconate from glucose. The coexpression of udhA significantly
increased the productivity of this whole-cell biocatalyst (135).
Furthermore, an E. coli strain containing genes from Alcali-
genes eutrophus for polyhydroxybutyrate (PHB) production
and overexpressing the gene encoding the soluble transhy-
drogenase UdhA was constructed (277). This modified strain
accumulated significantly higher amounts of PHB compared
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with the strain lacking the additional UdhA activity. Because
PHB demands copious NADPH, the authors concluded that
recombinant UdhA delivered the additional NADPH. This
engineering strategy contrasts the proposed natural role of
UdhA (281), oxidizing excess NADPH, thereby guaranteeing
a closed NADPH/NADP" balance. Because the enzyme cat-
alyzes a reversible reaction, the direction of the reaction is
highly influenced by the intracellular substrate and product
concentrations, as recently discussed for several bacteria
(116).

As discussed in Section III.B.2, the biocatalytic performance
of E. coli transhydrogenase deletion mutants did not differ
compared with that of the reference strain during fed-batch
and resting cell assays for NADPH-dependent transformation
of xylose to xylitol (74). This finding indicates the necessity of
additional studies to clarify the function of the two transhy-
drogenases in E. coli and other bacteria.

As described in Section III.B.1, regulatory constraints may
restrict the fluxes in a metabolic network. Thus, deregulation
of specific pathways can also be a good strategy in strain
optimization. As an example, we present here the effect of
TCA deregulation on the metabolic fluxes in E. coli. It is well
known that this organism produces acetate in the so-called
overflow metabolism during aerobic growth on glucose and it
is assumed that this overflow metabolism occurs due to a
repression of the TCA cycle (340). Since the TCA cycle is the
main source of energy and reducing equivalents, the en-
hancement of TCA cycle activity is of practical interest for
redox biocatalysis. Two approaches that successfully de-
regulated this pathway have been reported. Veit et al. relieved
transcriptional control of the sdhCDAB-b0725-sucABCD op-
eron by chromosomal promoter exchange mutagenesis,
yielding a strain with increased specific activities of the TCA
cycle enzymes succinate dehydrogenase, 2-oxoglutarate de-
hydrogenase, and succinyl-CoA synthetase, which are en-
coded by this operon (340). The resulting strain produced less
acetate and directed more carbon towards carbon dioxide
formation than the parent strain E. coli MG1655, indicating a
higher flux through the TCA cycle. As the strain maintained
high growth and glucose consumption rates, it might be a
good candidate for redox biocatalysis. In the second ap-
proach, the global regulator ArcAB, a two component system,
that inter alia regulates the TCA cycle genes in response to the
O, level or redox state, has been deleted by knockout of
the genes arcA and arcB (234). Investigation of the effects of
these gene deletions on the E. coli metabolism under aerobic
growth conditions showed a derepression of the TCA cycle
related genes gltA, fumA, mdh, and aceA and a consequential
activation of the respective TCA cycle enzymes.'?C-based
MFA revealed that this activation also induced an increase of
the TCA cycle flux.

Both examples highlight the influence of regulatory
mechanisms on the metabolic fluxes, stressing the importance
to take regulatory constraints into account when designing
biocatalysts. Indeed, many engineering efforts have been
moderately successful due to the interference of regulatory
systems with the introduced genetic or environmental mod-
ifications. Thus, efficient engineering of whole-cell (redox)
biocatalysts requires an improved ability to predictably
regulate these biological systems (50).

As pointed out above, one of the aims strived by synthetic
biologists is the accurate predictive modeling of microbial

BLANK ET AL.

chemical factories by computer-aided-design systems for
which high-quality kinetic models are essential. Yet, due to
the difficulties discussed in Section III.B.1, those models are
currently very scarce. The last example, the engineering of a
methanol oxidation pathway in Pichia pastoris, may therefore
be seen as an outlook. In this study, NADH regeneration rates
were calculated with a kinetic model that correctly predicted
the limitation of the methanol oxidation pathway by the ac-
tivity of formaldehyde dehydrogenase (290). P. pastoris is
a methylotrophic yeast that efficiently uses methanol as car-
bon and energy source. Methanol is dissimilated via alcohol
oxidase, formaldehyde dehydrogenase, and formate dehy-
drogenase yielding 2 mols of NADH per mol of methanol.
Schroer et al. determined the kinetics of these three enzymes
in vitro and used these data to construct a kinetic model of the
methanol oxidation pathway. To elucidate the impact of
overexpressing the genes of this pathway on the NADH re-
generation rates, they calculated theoretical NADH regener-
ation rates using the compiled model with varying Vpax
values of every individual enzyme. Model results indicated
that formaldehyde dehydrogenase is the main bottleneck of
the pathway. To confirm these results, strains overproducing
the highly active model oxidoreductase butanediol dehydro-
genase and one of the three enzymes of the methanol oxida-
tion pathway where tested for their catalytic capabilities. In
compliance with model predictions, the strain overexpressing
the formaldehyde dehydrogenase gene showed an improved
catalytic activity for the NADH-dependent reduction of
acetoin to 2,3-butanediol, whereas overexpression of the al-
cohol oxidase or the formate dehydrogenase genes was not
advantageous for the NADH-dependent bioconversion.
Clearly, the kinetic model used in this study is an intense
abstraction of the metabolism as it only encompasses three
enzymes and only indirectly accounts for alternative formal-
dehyde utilizing reactions via a reduction of the experimen-
tally determined V.« value of the alcohol oxidase.
Nevertheless, the model could successfully be used for model-
guided design of a whole-cell biocatalyst with an increased
cofactor regeneration rate. Moreover, identification of form-
aldehyde dehydrogenase as the bottleneck of the linear
pathway could not have been predicted by stoichiometric
modeling as this approach does not account for kinetics (e.g.,
substrate inhibition), again stressing the necessity of kinetic
model development.

VI. Conclusions

The increasing biochemical knowledge on oxidoreductases
in combination with the ever advancing tools of recombinant
DNA technology promotes the exploitation of the synthetic
potential of redox enzymes for a growing number of appli-
cations. Although highly productive biocatalysts based on
isolated enzymes or nonliving cells have been developed for
the synthesis of fine chemicals, most applications in industry
and academia make use of self-regenerating (i.e., growing or
nongrowing but metabolizing) whole-cell biocatalysts often
due to the limited stability of oxidoreductase systems. In
metabolically active cells, the enzyme activity is connected to
the redox metabolism of the host, providing the redox cofac-
tors necessary for catalysis. Hence, operation of host metab-
olism is crucial for highly productive and stable redox
biocatalysis. This central role of host metabolism typically is
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not considered during traditional biocatalyst and bioprocess
engineering, which focuses on the optimization of the enzyme
of interest (i.e., gene expression, activity, specificity) and re-
action engineering considering the cell as a black box. How-
ever, recent advances in our understanding of the complex
metabolic network operation and the interplay of redox
cofactor-dependent enzymes leads to increasing interest re-
garding the synthetic potential of oxidoreductase-based
whole-cell biocatalysts. The application of the flavin-dependent
styrene monooxygenase provides an illustrative example of
an oxidoreductase used for productive biocatalysis. The
metabolic network structure and its operation were identified
to be crucial for high biocatalytic activities of the styrene
monooxygenase containing whole-cell biocatalysts. Further-
more, the complex regulation of metabolism may in itself be a
target for the optimization of redox cofactor availability. In-
stead of single enzyme optimization that often has been dis-
appointing, considering and optimizing the enzyme of choice
as part of the entire metabolic network may be more prom-
ising. Indeed, several successful network optimization strat-
egies have recently been published, highlighting the potential
of this approach. Further investigations on the detailed
mechanisms of oxidoreductases and their functionality and
interplay within the metabolic network of living cells, using
the described ideas of synthetic bio(techno)logy, should pro-
vide the basis for designing efficient (i.e., in respect to rate,
yield, and/or titer) whole-cell based biocatalytic processes for
the synthesis of high-value added products for the chemical
and pharmaceutical industries.
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Abbreviations Used

ACCO = 1-aminocyclopropane-1-carboxylate
oxidase
ADH =alcohol dehydrogenase
AMO = alkane monooxygenase
AO = amine oxidase
CoA =coenzyme A
CPO = chloroperoxidase
ED = Entner-Doudoroff
EMP = Embden-Meyerhof-Parnas
ETC = electron transport chain
FAD/FADH,; = oxidized /reduced flavin
adenine dinucleotide
FBA = flux balance analysis
FDH = formate dehydrogenase
FMN/FMNH, = oxidized /reduced flavin
mononucleotide
FOS = fosfomycin synthase
GC = gas chromatography
GCD = glutaryl-CoA dehydrogenase
HLADH = horse liver alcohol dehydrogenase
HPLC = high-pressure liquid chromatography
IPNS = isopenicillin N-synthase
LBADH = dehydrogenase of Lactobacillus brevis
LC =liquid chromatography
L-DOPA = 3,4-dihydroxyphenylalanine
MDH = methanol dehydrogenase
MFA = metabolic flux analysis
mGDH = membrane bound glucose
dehydrogenase
MILP = mixed integer linear programming
MMO = methane monooxygenase
MO = monooxygenase
MQ = menaquinone
MQH2 = menaquinol
MS = mass spectrometry
MTT = thiazolyl blue tetrazolium bromide
NDH = NADH-dehydrogenases
NMR =nuclear magnetic resonance
PEP = phosphoenolpyruvate
PP =pentose phosphate
PQQ = pyrroloquinoline quinone
T2MO = toluene-2-monooxygenase
T4MO = toluene-4-monooxygenase
TCA = tricarboxylic acid
TPQ =2,4,5-trihydroxylphenylalanine
quinone
UQ = ubiquinone
UQH?2 = ubiquinol
VAO = vanillyl-alcohol oxidase
XMO = xylene monooxygenase
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