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ABSTRACT: An Escherichia coli ApfkA mutant lacking the
major phosphofructokinase possesses a partially cyclized
pentose phosphate pathway leading to an increased NADPH
per glucose ratio. This effect decreases the amount of glucose
required for NADPH regeneration in reductive biotransfor-
mations, such as the conversion of methyl acetoacetate
(MAA) to (R)-methyl 3-hydroxybutyrate (MHB) by an
alcohol dehydrogenase from Lactobacillus brevis. Here, global
transcriptional analyses were performed to study regulatory
responses during reductive biotransformation. DNA micro-
array analysis revealed amongst other things increased
expression of soxS, supporting previous results indicating
that a high NADPH demand contributes to the activation of
SoxR, the transcriptional activator of soxS. Furthermore,
several target genes of the ArcAB two-component system
showed alower mRNA level in the reference strain than in the
ApfkA mutant, pointing to an increased QH,/Q ratio in the
reference strain. This prompted us to analyze yields and
productivities of MAA reduction to MHB under different
oxygen regimes in a bioreactor. Under anaerobic conditions,
the specific MHB production rates of both strains were
comparable (7.4 £ 0.2 mmolyyp h! gcdwfl) and lower than
under conditions of 15% dissolved oxygen, where those of
the reference strain (12.8 mmolh ™" g.4,, ') and of the ApfkA
mutant (11.0 mmolh ™" gcdwfl) were 73% and 49% higher.
While the oxygen transfer rate (OTR) of the reference strain
increased after the addition of MAA, presumably due to the
oxidation of the acetate accumulated before MAA addition,
the OTR of the ApfkA strain strongly decreased, indicating a
very low respiration rate despite sufficient oxygen supply. The
latter effect can likely be attributed to a restricted conversion
of NADPH into NADH via the soluble transhydrogenase
SthA, as the enzyme is outcompeted in the presence of MAA
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by the recombinant NADPH-dependent alcohol dehydroge-
nase. The differences in respiration rates can explain the
suggested higher ArcAB activity in the reference strain.
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Introduction

Microbial whole-cell biotransformation is implemented in
industry for the production of chiral alcohols (Ishige et al.,
2005). A variety of dehydrogenases catalyze the enantio- and
regioselective reduction of ketones and depend on nicotin-
amide adenine dinucleotide coenzymes (NADH or NADPH)
for hydride transfer (Goldberg et al., 2007). Efficient
coenzyme recycling by engineered strains transforming the
oxidized coenzyme back to its reduced form is essential for
efficient reductive whole-cell biotransformations and differ-
ent possibilities for catching reducing power have been
reported (Goldberg et al., 2007).

Recently, glucose was used as the electron donor for
cofactor regeneration under anaerobic as well as aerobic
conditions using metabolically engineered Escherichia coli
strains (Akinterinwa and Cirino, 2011; Chin and Cirino,
2011; Siedler et al., 2011, 2012). In Figure S1, the reactions
yielding NADH or NADPH during aerobic catabolism of
glucose are shown. Partial cyclization of the pentose
phosphate pathway (PPP) by deletion of the phosphofructo-
kinase genes (pfkA, pfkB) resulted in an increased NADPH per
glucose ratio and in an improved product-to-glucose yield of
the NADPH-dependent biotransformation of the B-keto
ester methyl acetoacetate (MAA) to the chiral hydroxy ester
(R)-methyl 3-hydroxybutyrate (MHB), which is catalyzed by
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Figure 1. NADPH-dependent reduction of methyl acetoacetate catalyzed by an
alcohol dehydrogenase from Lactobacillus brevis, which was used as a model reaction
for reductive biotransformation in this study.

an alcohol dehydrogenase from Lactobacillus brevis (Fig. 1)
(Siedler et al., 2011). The partially cyclized PPP was
confirmed by ">C metabolic flux analysis, which revealed a
positive net flux from fructose 6-phosphate to glucose
6-phosphate in the E. coli ApfkA mutant (Siedler et al., 2012).
Moreover, the carbon flux through the lower part of the
Embden-Meyerhof pathway (EMP) and through the tricar-
boxylic acid (TCA) cycle was reduced in the ApfkA mutant to
one-fourth of that of the reference strain (Siedler et al., 2012).
E. coli possesses two pyridine nucleotide transhydrogenases
to adjust the relative concentrations of NADPH and NADH,
the cytoplasmic enzyme SthA (previously termed UdhA) and
the membrane-bound enzyme PntAB (Jackson, 2003). While
PntAB drives NADPH generation from NADH by using the
proton motive force, SthA catalyzes the reduction of NAD™*
by NADPH (Sauer et al., 2004). In the '>C metabolic flux
analysis mentioned above, a significantly higher flux through
the SthA-catalyzed reaction was observed during growth of
the ApfkA mutant, pointing to an important role of SthA in
this mutant (Siedler et al., 2012).

In this work, we analyzed the influence of reductive
biotransformation on global gene expression by DNA micro-
arrays. As in our previous studies, we used E. coli BL21(DE3) or
its ApfkA mutant, both expressing the L. brevis ADH, and the
NADPH-dependent reduction of MAA to MHB as the model
reaction. The results obtained in the transcriptome studies
prompted us to perform whole-cell biotransformation experi-
ments under controlled conditions of oxygen availability.
In the course of these studies, the role of the soluble
transhydrogenase (SthA) was unraveled, as well as potential
bottlenecks in the reference strain and its ApfkA mutant.

Materials and Methods

Bacterial Strains and Plasmids, Media and Growth
Conditions

Strains and plasmids used in this work are listed in Table I.
The ApfkA mutant strain was constructed as described
previously (Siedler et al., 2011). E. coli strains were
transformed by the method described by Hanahan et al.
(1991) and cultivated in 2xYT medium (16 gL ™" tryptone,
10gL ™" yeast extract, 5gL~" sodium chloride). The media
contained 100 pgmL™' ampicillin to maintain plasmid
pBtac-Lbadh.

Whole-Cell Biotransformation

For the cultivation of the recombinant E. coli Star BL21(DE3)
strain and its ApfkA derivative, both carrying the plasmid
pBtac-Lbadh, a single colony of each strain was inoculated
into 20mL of 2xYT medium containing 100 wgmL ™"
ampicillin and grown overnight at 37°C and 140 rpm. These
pre-cultures were used to inoculate the main cultures to an
ODggp of 0.05. The main cultures were grown in 600 mL of
2xYT medium containing 100 pgmL ™" ampicillin at 37°C
and 130 rpm to an ODgqq of 0.3, then Lbadh expression was
induced with 1 mM of IPTG and the cultures incubated for
another 3 h at 37°C and 130 rpm. The cells with an ODgq
between 2 and 4.5, which had been determined as the optimal
cell density for subsequent whole-cell biotransformation,
were then harvested by centrifugation (4,000g, 7 min) and
resuspended in 190 mL reaction buffer containing 111 mM
(2% w/v) glucose, 2mM MgSO,, and 250 mM potassium
phosphate buffer, pH 6.5, to a cell density of 3g cell dry
weight (cdw) per liter. Biotransformations were performed at
37°C in a bioreactor system (Dasgip, Jilich, Germany)
composed of four 400-mL vessels, each equipped with
electrodes for measuring the dissolved oxygen concentration
(DO) and the pH. The system enabled these two parameters
to be kept constant. The carbon dioxide concentration in the
exhaust gas was measured continuously by an infrared
spectrometer and the oxygen concentration by a zirconium
dioxide sensor. The oxygen availability was kept constant
at 15% DO by mixing air, O, and N,. Calibration was
performed by gassing with air (100% DO) and N, (0% DO).
Anaerobic conditions were provided by gassing with 100% N.,.

Table I. Strains and plasmids used in this work.
Strains/plasmids Relevant characteristics Refs.
Strains

Escherichia coli BL21(DE3) Star
Reference strain
ApfkA
Plasmids
pBTac-Lbadh

F~ ompT hsdSp(rg ™, mg~) gal dem rmel31 (DE3)
E. coli BL21(DE3) Star with pBtacLbadh
E. coli BL21(DE3) Star ApfkA with pBtacLbadh

AmpR, Pre, pPBR322 ori; expression vector for

Invitrogen
Siedler et al. (2011)
Siedler et al. (2011)

X-Zyme, Ernst et al. (2005)

E. coli with adh gene from Lactobacillus brevis
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The agitation speed was kept constant at 900 rpm. Controlling
and recording of all data as well as calculation of oxygen
transfer rates (OTR) and CO, transfer rates (CTR) was carried
out by the “Fedbatch Pro” software (Dasgip, Jiilich, Germany).

The biotransformation was started by adding 60 mM MAA
dissolved in water and pre-warmed to 37°C after the OTR had
become constant. The increase of the OTR signal in the first
20 min was caused by the slow increase of the dissolved
oxygen in the media, due to device-specific parameters. For
the conversion of MAA to MHB, it was shown that there is no
substrate or product inhibition, and neither the substrate nor
the product is toxic to the cells under the chosen conditions
up to 100mM (Tan, 2006). Specific productivities (mmol
MHB per hour per gram cdw) were determined by taking
samples at 15-min time intervals over a period of 2h. MHB
and glucose concentrations of the samples were determined
(see below). Specific productivities were calculated by
dividing the slopes of graphs showing MHB concentration
versus time by the cell dry weight.

Analysis of Substrates and Products

MAA, MHB, glucose, and extracellular metabolites were
analyzed by HPLC as described previously (Siedler
et al., 2011). Glucose concentrations were in addition
determined enzymatically by using the glucose Gluc-DH
FS* Kit according to the manufacturer’s instructions (DiaSys,
Holzheim, Germany).

RNA Preparation, cDNA Synthesis, and DNA
Microarray Analysis

For RNA preparation, E. coli strains were harvested 10 min
after resuspension in biotransformation buffer before the
addition of MAA and 10 min after the addition of MAA. For
cell harvest, 20 mL of the cultures were poured into precooled
(—20°C) tubes containing 15 g of ice and centrifuged (3 min,
4,200g, 4°C). The cell pellets were frozen in liquid nitrogen
and stored at —70°C until RNA isolation, as described
previously (Polen et al., 2003). DNA microarrays for E. coli
were obtained from Microarrays, Inc. (Huntsville, AL).
The array design includes 9,308 longmer oligonucleotide
(70 mer) probes, representing genomes of four E. coli strains
and three plasmids (4,269 ORFs in K-12, 5,306 ORFs in
0157:H7, 5,251 ORFs in O157:H7, 5,366 ORFs in CFT073,
3 genes in OSAK1, 10 genes in pO157_Sakai, 97 genes in
pO157_EDL933). Some genes are represented by different
gene-specific oligonucleotides (e.g., guaD). Only genes of
E. coli K-12 were analyzed. We applied the available K-12
DNA microarrays since comparisons of the B and K-12
genome sequences and the annotated protein coding genes
showed >99% sequence identity over ~92% of their
genomes with a total of ~4,039 coding sequences in the
genome of the common ancestor, of which 97.6% remain
evident in K and 96.5% in B (Jeong et al., 2009; Studier
et al,, 2009). The comparisons of the responses to the
addition of MAA of the two strains were performed in

duplicate, while the analysis of the differences of the two
strains was done from three independent biological
replicates. The details for handling the microarrays, data
processing and data analysis have been described elsewhere
(Hanke et al., 2012). Lists of differentially expressed genes
were obtained by filtering the data using the following
criteria: (i) flags >0 (GenePix Pro 6.0); (ii) signal to noise
ratio >3 for red (F635med/B635med, GenePixPro 6.0)
or green (F532med/B532med, GenePixPro 6.0); and (iii)
averaged mRNA level change of >2-fold (strain comparison,
Table II) or >2.5-fold (influence of MAA, Table III) and
P-values <0.05. Processed and normalized data, as well as
experimental details according to the MIAME guidelines
(Brazma et al., 2001), were stored in the in-house microarray
database (Polen and Wendisch, 2004).

Results and Discussion

Influence on Global Gene Expression of NADPH-
Dependent Whole-Cell Biotransformation by Resting Cells
of E. coli Using Glucose as Reductant

In order to study the influence of an NADPH-dependent
whole-cell biotransformation on global gene expression,
we analyzed the reduction of MAA to MHB by resting cells
of E. coli and its ApfkA mutant, both carrying plasmid
pBTac-Lbadh encoding an alcohol dehydrogenase from
L. brevis. Cells resuspended to 3 g.4wL ' in a phosphate
buffer (pH 6.5) containing 110 mM glucose were incubated
at 37°C and 130rpm for 10 min in a shake flask. Then
biotransformation was started by the addition of 60 mM
MAA. Directly before and 10min after MAA addition
samples were taken for RNA isolation. The resulting RNA
preparations were then used for comparative DNA micro-
array analyses and the mRNA ratios (after vs. before MAA
addition) were determined for both the reference strain and
the ApfkA mutant. The number of detectable genes (signal to
noise ratio >3 for red or green) were about 91% and together
with the distribution in M/A plots indicate that basically RNA
from resting cells at the early time point of the biotransfor-
mation can also be applied to global gene expression analysis
as RNA from growing or early stationary cells (e.g., Neusser
etal., 2010, and Fig. S2). Thus, DNA microarray experiments
represent an efficient tool to analyze resting cells under
biotransformation conditions with respect to global gene
expression.

In both strains, less than 20 genes showed a >2.5-fold
increased or decreased mRNA ratio (Table II). Most
interesting was a set of four genes whose expression was
elevated in both strains after the addition of MAA, but two- to
fivefold more strongly in the ApfkA mutant: soxS (24.4 vs. 4.6),
yqhC (mRNA ratio 7.9 vs. 3.7), yqhD (36.2 vs. 12.7), and dkgA
(16.2 vs. 7.4).

The soxS gene encodes an AraC-type transcriptional
regulator, which controls genes involved in the response to
oxidative stress (Greenberg et al.,, 1990; Pomposiello et al.,
2001; Tsaneva and Weiss, 1990). Under stress conditions,
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Table II.
and its ApfkA mutant.

Influence of NADPH-dependent reductive biotransformation of MAA to MHB with glucose as reductant on global gene expression in E. coli

mRNA ratio mRNA ratio
Locus tag Gene Annotation reference + MAA/—MAA ApfkA + MAA/—MAA
Regulation
ECD_01489 marR Transcriptional repressor of multiple antibiotic resistance 2.07* 2.63
ECD_02423 iscR DNA-binding transcriptional repressor 1.67* 5.83
ECD_02467 rpoE Sigma factor E (024) 3.56 1.36*
ECD_02883 yghC Transcriptional activator of yghD and dkgA 3.70 7.89
ECD_03754 ginL Sensory histidine kinase —1.32* —2.00*
ECD_03934 s0xS DNA-binding transcriptional dual regulator 4.59 24.38
Metabolism
ECD_01236 trpC Bifunctional indole-3-glycerol phosphate synthase 3.74 1.14*
ECD_02884 yqhD NADP-dependent aldehyde reductase 12.70 36.24
ECD_02885 dkgA 2,5-Diketo-p-gluconate reductase A 7.36 16.18
ECD_03288 gntK Gluconate kinase 4.40 2.74
ECD_03591 tmal Tryptophanase leader peptide 2.85 n.d.
ECD_03755 glnA Glutamine synthetase —1.32% —3.33
Transport
ECD_00778 ginH Glutamine ABC transporter, periplasmic binding protein -25 —2.94
ECD_02533 proV Glycine betaine transporter subunit 2.47* —1.35"
ECD_02534 prow Glycine betaine transporter subunit 2.90 —1.18*
Stress response
ECD_01323 ydaQ Putative excisionase of Rac prophage —2.86 1.16*
ECD_10012 ybcC Predicted exonuclease of DLP12 prophage 2.54 —1.27*
ECD_02420 iscA Iron—sulfur cluster assembly protein 2.05* 1.81*
ECD_02421 iscU Scaffold protein 1.76* 3.14
ECD_02422 iscS Cysteine desulfurase 2.24* 3.04
Hypothetical/predicted function
ECD_01108 yofR Hypothetical protein 7.25 5.25
ECD_01025 yedR Predicted enzyme associated with biofilm formation —2.56 1.06*

DNA microarray analysis was used to compare RNA isolated 10 min after MAA addition to resting cells with RNA isolated before MAA addition (mean values
from two biological replicates). Genes showing a significantly (P-value <0.05) increased or decreased mRNA ratio (>2.5-fold) in either comparison are listed.
Genes and lower mRNA ratio values were included for operons and for comparison of the two strains (indicated by an asterisk). The genes were sorted into
functional groups, within which they are ordered according to their locus tag. Annotations were taken from the NCBI genome database.

expression of soxS is activated by SoxR, a dimeric
transcriptional regulator of the MerR family with two
[2Fe-2S] clusters (Hidalgo et al., 1998). SoxR itself becomes
activated by oxidation of the [2Fe-2S] cluster. Inactivation of
oxidized SoxR occurs via NADPH-dependent reduction,
which requires the rseC and rsxABCDGE gene products (Koo
et al., 2003). The intrinsic instability of the SoxS protein
allows the response to be turned off once SoxR is reduced
(Griffith and Wolf, 2004). The SoxRS system has been
intensively studied in E. coli and there are multiple ways to
induce the regulon. Evidence has been provided that the
NADPH availability plays a crucial role in the induction of
the SoxRS response (Krapp et al., 2011; Liochev and
Fridovich, 1992) and we recently used the SoxRS system
for the development of a single-cell NADPH sensor (Siedler
etal., 2014). In our biotransformation experiments, cells face
a very high NADPH demand when MAA, the substrate for
the L. brevis alcohol dehydrogenase, is present, causing a
decrease of the NADPH/NADP™ ratio (Table S1). The strong
NADPH consumption by MAA reduction is likely to impede
the NADPH-dependent reduction of oxidized SoxR, causing
activation of soxS expression. The 5.3-fold higher sox§ mRNA
ratio in the ApfkA mutant compared to the reference strain
(24.4 vs. 4.6) might reflect the stronger decrease of the
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NADPH/NADP™ ratio upon substrate addition (Table S1).
Whereas expression of soxS was increased in our experiments,
experimentally confirmed SoxS target genes, like zwf
encoding glucose 6-phosphate dehydrogenase, did not
show increased mRNA levels. We assume that the non-
induction of the SoxS target genes is a consequence of the
experimental conditions hindering SoxS protein synthesis. As
the biotransformation buffer did not contain any nitrogen
and sulfur sources, de novo protein synthesis should be very
restricted. This assumption was supported by analyzing the
expression of the eyfp gene under the control of the soxS§
promoter using the plasmid pSenSox, which also encodes the
Lbadh gene (Siedler et al., 2014). As shown in Figure S3, a
strong increase of EYFP fluorescence was observed when
MAA was added to cells incubated in rich 2xYT medium,
whereas only a very low fluorescence increase was observed
when MAA was added to cells incubated in biotransforma-
tion bulffer.

The yqhC gene encodes a transcriptional regulator of the
AraC family that was shown to activate transcription of yghD
and dkgA, which are located divergent to yghC (Lee et al., 2010;
Turner et al., 2011). The yghD gene product functions as a
broad-substrate range NADPH-dependent aldehyde reduc-
tase (Jarboe, 2011; Lee et al., 2010). The dkgA gene (previously



Table IIl.

dependent reductive biotransformation of MAA to MHB with glucose as reductant.

Selected genes of a genome-wide direct comparison of mRNA levels in the ApfkA mutant versus the reference strain during NADPH-

mRNA ratio
Locus tag Gene Annotation ApfkA/reference
Metabolism
ECD_00681-84 sdhCDAB Succinate dehydrogenase 3.04-15.46
ECD_02266, fadB, fadH, fadl Fatty acid metabolism 3.71-13.37
ECD_02950,
ECD_03737
ECD_03905-08 malEE, malK-lamB-malM Maltose metabolism 3.31-6.78
ECD_01164 dadA D-Amino acid dehydrogenase, small subunit 5.43
ECD_00115 IpdA Dihydrolipoamide dehydrogenase 2.34
ECD_00112 pdhR Transcriptional regulator of pyruvate dehydrogenase complex genes —2.56
ECD_03637 rbsB Ribose transporter/kinase —2.94
ECD_03028 mtr Tryptophan transporter —7.14
ECD_01234-39 trpLECDBA Tryptophan biosynthesis —5.88 to —20
ECD_03592-93 tnaAB Tryptophanase/L-cysteine desulfhydrase, tryptophan transporter —4.35 to —50
ECD_03801 pfkA 6-Phosphofructokinase —20
Osmotic stress response
ECD_00268-70 betIB, betT Transcriptional regulator, betaine aldehyde dehydrogenase, choline transporter 3.78-7.44
Respiration and oxidative stress
ECD_03934 s0xS DNA-binding transcriptional regulator 6.25
ECD_00382-83 cyoBA Subunit I and II of cytochrome bo; ubiquinol oxidase 2.80-5.26
ECD_02423 iscR Transcriptional repressor of genes involved in Fe-S cluster assembly 2.49
ECD_02464-65 rseBC Periplasmic negative regulator RseB of sigma factor E, RseC protein involved in —2.22
reduction of the SoxR iron-sulfur cluster
ECD_00692 cydA Cytochrome bd terminal oxidase, SU I —3.70
ECD_00693 cydB Cytochrome bd terminal oxidase, SU II —2.63
Other functions
30 Ribosomal proteins 3.19-15.97
ECD_03847 sthA Soluble transhydrogenase 3.05
ECD_01067-74 flgM, flgA, Flagellar genes 2.44-3.21
flgBCDEFG

Genes showing a >2-fold increased or decreased mRNA ratio are listed (P-value of <0.05). Genes highlighted in light gray are known to be repressed by the
phosphorylated response regulator ArcA of the ArcAB two-component system and the genes highlighted in dark gray are known to be activated by
phosphorylated ArcA. The data shown represent mean values from three biological replicates. The genes were grouped into different functional categories,
within which they were ordered according to their mRNA ratios except in the case of operons, which were ordered according to their locus tag. A list of all genes

with a >2-fold increased or decreased mRNA ratio is given in Table S2.

named yghE) was originally characterized as an NADPH-
dependent 2,5-diketo-p-gluconate reductase (Yum et al,
1999) and later shown to reduce also ethyl acetoacetate, other
2-keto esters, furfural, methylglyoxal, glyceraldehyde, benz-
aldehyde, valeraldehyde, and p-threose (Habrych et al., 2002;
Jeudy et al., 2006). The mechanism of activation of YqhC is
not yet known. Although it is tempting to speculate that
substrates of YghD or DkgA could serve as co-activators for
YqhC, experimental data are not available yet.

Transcriptome Comparison of an E. coli ApfkA Mutant
and Its Parent During MAA Reduction by Resting Cells

In order to detect the influence of a pfkA deletion on global
gene expression during reductive biotransformation, a direct
transcriptome comparison of the ApfkA mutant and the
reference strain was performed with the RNA samples
isolated 10 min after MAA addition, which were also used for
the comparison with the RNA samples isolated before MAA
addition (see above). In this series of DNA microarray
experiments, 85 genes with >2-fold increased mRNA levels

and 49 genes with >2-fold decreased mRNA levels were
observed in the ApfkA mutant. A selection of these genes is
shown in Table IIT and the complete list in Table S2.

It is evident that the absence of phosphofructokinase A and
the resulting change in glucose catabolism has diverse effects
on the expression of genes involved in respiration, metabo-
lism, regulation and signal transduction, transport, motility,
stress responses, transcription, and translation. For example,
elevated mRNA levels were observed in the ApfkA mutant for
the genes encoding succinate dehydrogenase (sdhCDAB,
mRNA ratios 3.0-15.5), for genes involved in fatty acid
metabolism (fadB, fadH, fadhl, mRNA ratios 3.7-13.4), as well
as for genes involved in stress responses, such as osmotic stress
(betBIT, mRNA ratios 3.8-7.4) and oxidative stress (soxS,
mRNA ratio 6.3; iscR, mRNA ratio 2.5). The sixfold higher soxS
mRNA level in the ApfkA mutant confirmed the microarray
results described above (Table IT). The rseC gene (ECD_02464,
mRNA ratio 0.5), encoding a protein involved in the NADPH-
dependent reduction of the iron sulfur cluster of SoxR,
displayed a decreased mRNA level in the ApfkA mutant. In
concert with a lowered NADPH availability after the addition
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of MAA (Table S1), reduced rseC expression might reinforce a
shift of SoxR to the active oxidized state and thus increased
expression of soxS. The sthA gene encoding a soluble
transhydrogenase displayed a more than threefold increased
mRNA level in the ApfkA mutant, indicating an imbalanced
redox ratio of the NAD(P)H pools. This result is coherent with
a high flux through SthA transhydrogenase in the ApfkA
mutant under growth conditions (Siedler et al., 2012).

Thirty genes encoding ribosomal proteins showed 3- to 16-
fold increased mRNA levels in the ApfkA mutant. Literature
data on the interdependence of cell growth, gene expression,
and ribosome availability show that the growth rate and the
RNA/protein ratio correlate (Scott et al., 2010), and in a
ApfkA mutant of E. coli growth and ribosome content were
reduced (Cardinale et al., 2013). However, the underlying
studies were performed with growing cells and therefore may
not be simply transferable to the resting cells used in the
biotransformation. In the comparison made here, the
differences in the expression of ribosomal protein genes
might be due to an increased activity of the ArcAB two-
component system in the reference strain, causing a
repression of these genes (see below).

The most strongly decreased mRNA levels in the ApfkA
mutant besides pfkA itself were found for genes involved in
tryptophan biosynthesis, possibly due to the higher carbon
flux through the PPP resulting in an increased availability of
tryptophan precursors and possibly an increased tryptophan
synthesis. High tryptophan levels are known to cause
repression of the tryptophan biosynthesis operon trpEDCBA
by activation of the repressor TrpR (Klig et al., 1988; Sarsero
et al., 1991).

Transcriptional network analysis was used to identify
relevant transcriptional regulators of the 134 genes with an
altered mRNA level in the ApfkA mutant (Table S2). Target
genes were found within these 134 genes for 36 out of 144
transcriptional regulators (Table S3). Besides the SoxR and
TrpR regulons discussed above, another particularly inter-
esting regulon was that of the response regulator ArcA,
some members of which are highlighted in Table III (see
also Table S4). The ArcAB two-component system was
reported to sense microaerobic conditions by an increased
QH,/Q ratio (Cho et al., 2006; Georgellis et al., 2001; Green
and Paget, 2004; Lamark et al., 1996; Liu and De Wulf, 2004;

Malpica et al., 2006; Park et al., 2013; Spiro and Guest, 1991).
This ratio is positively correlated with the NADH/NAD™"
ratio via the NADH dehydrogenases. The ApfkA mutant
showed an 8% lower NADH/NAD™ ratio than the reference
strain after 30 min of biotransformation in shake flasks and
after 120 min the difference was as much as 29% (Table S1).
This suggests that the QH,/Q ratio of the reference strain is
higher than that of the ApfkA mutant, which in turn would
suggest a higher ArcAB activity in the reference strain. The
increased mRNA level of c¢y0AB encoding subunits of
cytochrome bo; oxidase and the decreased mRNA level of
¢ydA coding for a subunit of cytochrome bd oxidase in the
ApfkA mutant is in agreement with these suggestions, as the
cyo genes are repressed by ArcA and the cyd genes are activated
by ArcA (Table S4).

The Crp regulon overlaps with the ArcA regulon, and
transcriptional network analysis also revealed 34 Crp target
genes (Table S3). Nineteen of them are known to be activated
by Crp and showed elevated mRNA levels in the ApfkA
mutant, suggesting an increased Crp activity due to an
elevated cAMP level (Table S5). However, 13 target genes also
known to be activated by Crp displayed decreased mRNA
levels in the ApfkA mutant (Table S5) indicating a more
complex regulation of these genes.

Comparison of Biotransformations Under Defined
Anaerobic and Aerobic Conditions

The question of the causes and effects of a higher NADH/
NAD™ ratio and a stronger activity of the ArcAB two-
component system in the reference strain during reductive
biotransformation in shake flasks prompted us to analyze
MAA reduction to MHB under controlled oxygen supply in a
DASGIP bioreactor (Table IV). Under anaerobic conditions,
the ApfkA mutant and the reference strain showed compara-
ble MHB production rates (7.4 mmol h™! gcdwfl), whereas
the glucose uptake rate of the ApfkA deletion mutant
(2.4mmolh™ ' g4, ') was much lower than that of the
reference strain (3.5 mmolhflgcdwfl). This resulted in a
48% higher molar MHB/glucose yield of the mutant
compared to the reference strain. Despite the reduced
glucose uptake rate of the ApfkA mutant, its CO, transfer rate
was comparable to that of the reference strain (Fig. S4).

Table IV. MHB production rate, glucose uptake rate, and molar MHB per glucose yield under different oxygen regimes for whole-cell reductive

biotransformation of MAA to MHB with glucose as reductant.

MHB production rate

Glucose uptake rate Yield

E. coli strain Condition (mmolh™' g g, ") (mmolh™" g g, ") (molys MOlGiucose )
Reference Anaerobic 7.4+0.1 3.5+0.1 2.1£0.1
ApfkA Anaerobic 7.440.2 2.440.2 3.1£0.2
Reference Aerobic 12.8 £0.1 3.81+0.1 3.440.1
ApfkA Aerobic 11.0£0.3 2.34+0.2 4.8+0.1
Reference Shake flask® 8.6+0.1 3.440.2 2.540.2
ApfkA Shake flask® 91403 1.840.1 48+0.1

Mean values from two independent experiments are shown for the E. coli reference strain and the ApfkA mutant.

*Values taken from Siedler et al. (2011).

6 Biotechnology and Bioengineering, Vol. 9999, No. xxx, 2014



Table V.

Formation of fermentation products, by-products, and carbon dioxide, uptake of glucose and carbon balances of the E. coli BL21(DE3)

reference strain and the ApfkA mutant during aerobic (30% DO) and anaerobic biotransformations.

Strain Fermentation products or by-products

Acetate Formate Lactate Succinate CO, Glucose uptake Balance
E. coli Condition (mmolh ' g.q, 1) (mmolh g4, 1) (% C)
Reference Anaerobic 3.3+0.1 3.14+0.3 2.6+0.5 0.5+ 0.001 2.8+0.1 3.5+0.1 106
ApfkA Anaerobic 3.2+0.1 3.1+0.3 0.34+0.01 0.4 +0.04 2.7+0.2 24+0.2 102
Reference Aerobic N 0 0 0 21.740.2 3.8+0.1 95
ApfkA Aerobic 0 0 0 0 13.8+£0.3 2.3£0.2 100

Mean values from two independent experiments are shown.

*Acetate was formed during the adaptation phase of the process and later consumed (cf. Fig. S5).

Formation of the mixed acid fermentation products acetate,
formate, and succinate by the ApfkA mutant and the reference
strain was similar, but lactate formation by the ApfkA mutant
was reduced by almost 90% (Table V). The latter result can
be explained by the fact that less NADH is synthesized in the
pfkA mutant due to the altered glucose metabolism and
additionally part of NADH might be used to reduce NADP™
via transhydrogenase, as there is a strong NADPH demand
for the biotransformation. The carbon balances were roughly
closed for both strains under anaerobic conditions (Table V).

Under aerobic conditions (constant 15% DO), the MHB
production rates of the reference strain (12.8 mmolh ™'
gaw 1) and of the ApfkA mutant (11.0 mmol h'ggw 1)
were 73% and 49% higher, respectively, than the rates
observed under anaerobic conditions (Table IV). Again, the
glucose uptake rate of the pfkA mutant (2.3 mmol h™! gcdwfl)
was significantly lower than that of the reference strain
(3.8mmolh ™' g.4, '), resulting in a 41% increased molar
MHB/glucose yield. To ensure steady-state aerobic conditions
in the bioreactor, cells were first incubated for 30 min in the
absence of the substrate MAA. During this adaptation time,
no significant differences were observed either for the oxygen
transfer rates (OTR) or for the carbon dioxide transfer rates
(CTR) of the reference strain and the ApfkA mutant (Fig. 2).
The similar OTR values might be explained by a high flux
through the transhydrogenase SthA in the ApfkA mutant
(Siedler et al., 2012), resulting in the conversion of NADPH
generated in the cyclized PPP to NADH, which then drives
respiration. After starting the biotransformation by the
addition of MAA to the cell suspensions, both the OTR and
the CTR markedly increased in the reference strain and later
decreased again (Fig. 2). In contrast, the OTR of the ApfkA
mutant rapidly dropped to zero and the CTR remained at the
level observed immediately before MAA addition (Fig. 2).
The strongly decreased respiration of the ApfkA mutant
can be partially explained by the fact that in the presence of
MAA the NADPH generated in the cyclized PPP is almost ex-
clusively used by the L. brevis ADH (about 20 U mg protein™")
for MAA reduction to MHB and is no longer available for
NADH generation by the soluble transhydrogenase SthA.
Most likely, the soluble transhydrogenase SthA cannot com-
pete favorably with the overproduced Adh (17-28 Umg ';

Siedler et al., 2011), even when sthA transcription is raised
threefold. In fact, cell extracts of E. coli JM109 cultivated in
rich SOB medium were reported to lack measurable SthA
activity (detection limit approximately 0.001 Umg ') and
only overexpression of sthA on a high-copy-number vector
led to a high activity of 2.9 Umg ' (Boonstra et al., 1999).

A 50
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40
30
=
=5 5 4y
=] E r/ Ak
E
10
0 Al
a 0 40 &0 B0 3o 120 140
-10
Time (min)

CTR
mmol L' h!
&

[ 0 &0 60 80 100 120 140
Time (min)

Figure 2. Oxygen transfer rates (OTR), (A) and CO, transfer rates (CTR), (B) during
reductive biotransformation of MAA to MHB by the reference strain (black) and the
ApfkA mutant (gray). The strains were incubated in buffer with glucose as reductantin
a bioreactor and constantly supplied with 30% DO. After adaptation of the process and
constant DO conditions, MAA was added as indicated by the arrow. Two biological
replicates for each strain are shown.
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The explanation given above was supported by the
observation that the OTR of the ApfkA mutant increased
again when MAA was completely reduced to MHB about
100 min after MAA addition (Fig. 2).

As the ApfkA mutant can still form NADH directly via
glyceraldehyde 3-phosphate dehydrogenase, pyruvate dehy-
drogenase, or 2-oxoglutarate dehydrogenase, the OTR drop to
zero after MAA addition indicates that either the flux through
these reactions is rather low or that the NADH generated
in these reactions is used by the membrane-bound trans-
hydrogenase PntAB for proton-motive force-driven reduction
of NADP™. However, the latter reaction can also occur in the
reference strain and therefore the differences in OTR after
MAA addition between the ApfkA mutant and the reference
strain must have other causes. A likely explanation is offered by
the observation that the reference strain, but not the ApfkA
mutant, accumulated acetate during the 30 min adaptation
period before the addition of MAA. This acetate was consumed
by the reference strain in the first 30 min after MAA addition
(Fig. S5) and probably contributes to the increased OTR in this
period. In particular, the succinate dehydrogenase and malate:
ubiquinone oxidoreductase reactions, which form ubiquinol
rather than NADH, might be the drivers of the OTR increase.
Acetate oxidation by the reference strain can also explain the
increased CTR observed after MAA addition.

When comparing the MHB production rates and MHB/
glucose yield under aerobic and anaerobic conditions, it is
evident that oxygen has a positive influence on both
parameters and in both the reference strain and the ApfkA
mutant. In the case of the reference strain, the yield under
aerobic conditions in the bioreactor (3.4 mol/mol) is 62%
higher than under anaerobic conditions and still 36% higher
than under shake flask conditions, indicating oxygen-
limiting conditions in the latter. In the case of the ApfkA
mutant, the yield under aerobic conditions in the bioreactor
(4.8 mol/mol) was 55% higher than under anaerobic
conditions and identical to the yield observed in shake
flasks. When using ApfkA mutants with a partially cyclized
PPP for NADPH-dependent biotransformations, the de-
mand for oxygen is much lower than that of the reference
strain. Apart from supplying more NADPH for biotrans-
formations, the application of such mutants requires less
oxygenation and thus is less cost-intensive. More compre-
hensive knowledge of the consequences of reductive whole-
cell biotransformations on metabolism and regulation
is beneficial to support the optimization of production
organisms and processes.

This work was supported by the Ministry of Innovation, Science,
Research and Technology of North Rhine-Westphalia (Bio.NRW,
Technology Platform Biocatalysis, RedoxCell support code:
W0805wb001b).
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