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Abstract

Abstract

The SoxRS regulatory system of Escherichia coli responds to NADPH, presumably due to the NADPH-
dependent reduction of the transcriptional regulator SoxR, switching it to the inactive state. In a previous
study, this NADPH-responsiveness was used to construct the genetically encoded NADPH biosensor pSenSox,
in which the SoxR-activated soxS promoter controls expression of the reporter gene eyfp, allowing detection
of SoxR activation at the single cell level via eYFP fluorescence. The biosensor was reported to sense
intracellular NADPH availability, because increased cellular NADPH demands during the biotransformation of
methyl acetoacetate (MAA) to R-methyl 3-hydroxybutyrate (MHB) by the strictly NADPH-dependent alcohol
dehydrogenase of Lactobacillus brevis (LbADH) led to increased eyfp expression. Most importantly, the
specific eYFP fluorescence of E. coli cells catalyzing MAA reduction to MHB correlated not only with the
amount of MAA reduced by the cells, and consequently with the NADPH demand, but also with the specific
LbADH activity when a fixed MAA concentration was provided. The latter property enables high-throughput
screening of large NADPH-dependent enzyme libraries for variants with improved activity using fluorescence-
activated cell sorting (FACS). Based on the correlation of the specific fluorescence of the biosensor with the
cellular NADPH demand and the activity of NADPH-dependent enzymes, the pSenSox biosensor was used in
this thesis to (1) study NADPH-related processes in E. coli and to (2) identify variants of the NADPH-dependent
LbADH with improved catalytic properties.

(1) NADPH plays a crucial role in cellular metabolism for biosynthesis and oxidative stress responses.
Here, pSenSox was used to study the influence of various NADPH-related parameters on the soxRS response
in E. coli. Specifically, the influence of different growth media, of the redox-cycling drugs paraquat and
menadione, of the SoxR-reducing system RsxABCDGE and RseC, and of transhydrogenases SthA and PntAB
on the pSenSox signal was examined. Redox-cycling drugs activated the NADPH biosensor. The absence of
RsxABCDGE and/or RseC caused an enhanced biosensor response, in agreement with their function as a SoxR-
reducing system. The absence of the membrane-bound transhydrogenase PntAB caused an increased
biosensor response, whereas the lack of the soluble transhydrogenase SthA or of SthA and PntAB was
associated with a strongly decreased response. These data support the opposing functions of PntAB in NADP*
reduction and of SthA in NADPH oxidation. In conclusion, the biosensor pSenSox was shown to be a useful
tool for analyzing environmental conditions and genes with respect to their influence on the NADPH
availability in the cell.

(2) The NADPH-dependent LbADH is widely used in industrial biotechnology for the biocatalytic
production of chiral alcohols. To find an optimized LbADH variant for the substrate 2,5-hexanedione, the
biosensor pSenSox was used for FACS-based high-throughput screening of an LbADH library to isolate clones
showing increased fluorescence during the biotransformation of 2,5-hexanedione. Using this approach, the
improved variant LbADH*"'t was identified in which lysine-71 was replaced by glutamate, causing a charge
reversal at the surface of the protein. Kinetic measurements with purified enzymes revealed that LbADH*"1¢
has a 16% higher affinity (Kw= 4.3 £ 0.5 mM) and a 17% higher activity (Vmax= 173.3 £ 11.1 pumol min*mg?)
compared to the wild-type enzyme (Km= 5.1 + 0.6 mM; Vma= 148.5 + 12.3 pmol minmg?) with 2,5-
hexanedione as substrate. Moreover, the LbADH¥"f enzyme also showed higher activity for the alternative
substrates acetophenone, acetylpyridine, 2-hexanone, 4-hydroxy-2-butanone, and MAA. The isolation of the
optimized variant LbADH"'® demonstrates that the application of the biosensor combined with high-
throughput screening is a powerful workflow for the identification of unexpected beneficial mutations of
NADPH-dependent ADHs.



Zusammenfassung

Zusammenfassung

Das SoxRS-Regulationssystem aus Escherichia coli reagiert auf NADPH, vermutlich aufgrund der NADPH-
abhangigen Reduktion des Transkriptionsregulators SoxR, wodurch dieser in den inaktiven Zustand versetzt
wird. In einer friheren Studie wurde diese Eigenschaft genutzt, um den genetisch kodierten NADPH-
Biosensor pSenSox zu konstruieren, bei dem der SoxR-aktivierte soxS-Promotor die Expression des
Reportergens eyfp steuert. Damit kann die SoxR-Aktivierung auf Einzelzellebene (iber die eYFP-Fluoreszenz
detektiert werden. Es wurde nachgewiesen, dass SoxR bei erniedrigtem NADPH-Spiegel aktiviert wird, da der
erhéhte NADPH-Verbrauch wahrend der Biotransformation von Methylacetoacetat (MAA) zu (R)-Methyl-3-
hydroxybutyrat (MHB) mit der NADPH-abhangigen Alkoholdehydrogenase aus Lactobacillus brevis (LbADH)
zu einer erhéhten eyfp-Expression fihrte. AuRerdem wurde gezeigt, dass die spezifische eYFP-Fluoreszenz
von E. coli-Zellen bei der Biotransformation von MAA zu MHB nicht nur mit der umgesetzten Menge an MAA
sondern auch mit der spezifischen LbADH-Aktivitat korreliert. Letzteres ermdglicht das Hochdurchsatz-
Screening nach verbesserten Varianten NADPH-abhangiger Enzyme mittels Fluoreszenz-aktivierter
Zellsortierung (FACS). Aufgrund der Korrelation der spezifischen Fluoreszenz mit dem zellularen NADPH-
Bedarf einerseits sowie der Aktivitat von NADPH-oxidierenden Enzymen andererseits wurde pSenSox in der
vorliegenden Arbeit verwendet, um (1) verschiedene NADPH-abhéngige Prozesse in E. coli zu untersuchen
und (2) Varianten der LbADH mit verbesserten katalytischen Eigenschaften zu identifizieren.

(1) Der Biosensor pSenSox wurde benutzt, um den Einfluss verschiedener NADPH-abhangiger Parameter
auf die SoxRS-Antwort in E. coli zu untersuchen. Insbesondere wurde der Einfluss verschiedener
Wachstumsmedien, der redoxaktiven Verbindungen Paraquat und Menadion, der SoxR-Reduktasen
RsxABCDGE und RseC sowie der Transhydrogenasen SthA und PntAB auf das pSenSox-Signal untersucht. Die
Zugabe von Paraquat oder Menadion aktivierte den Biosensor. Das Fehlen von RsxABCDGE und/oder RseC
verstirkte die Biosensor-Antwort, in Ubereinstimmung mit der Funktion dieser Proteine als SoxR-
Reduktionssystem. Das Fehlen der membrangebundenen Transhydrogenase PntAB fiihrte zu einer erhéhten
Biosensor-Antwort, wahrend die Deletion der |6slichen Transhydrogenase SthA sowie das gemeinsame
Fehlen von SthA und PntAB zu einer stark verminderten Biosensor-Antwort fihrte. Diese Daten unterstiitzen
die entgegengesetzten Funktionen von PntAB und SthA in NADPH-Bildung bzw. Oxidation. Zusammenfassend
wurde gezeigt, dass der pSenSox-Biosensor geeignet ist, um den Einfluss von Umweltbedingungen und Genen
auf die NADPH-Verfiugbarkeit in der Zelle zu analysieren.

(2) Die NADPH-abhéngige LbADH wird in der industriellen Biotechnologie zur Herstellung von chiralen
Alkoholen eingesetzt und ist daher ein interessantes Enzym fiir eine Biosensor-basierte Optimierung. Zur
Verbesserung der LbADH beziiglich der Umsetzung des Substrates 2,5-Hexandion wurde pSenSox zum
Hochdurchsatz-Screening einer LbADH-Bibliothek mittels FACS verwendet, um Klone zu isolieren, die
wahrend der Biotransformation von 2,5-Hexandion eine erhdhte Fluoreszenz zeigten. Dadurch wurde die
verbesserte Variante LbADH""!t identifiziert, bei der Lysin-71 durch Glutaminsiure ersetzt wurde. Dies fiihrte
zu einem Ladungswechsel an der Proteinoberflache, an der Lys-71 lokalisiert ist. Kinetische Messungen
ergaben, dass LbADH*"*€ eine um 16% erhdhte Substrataffinitit (K= 4,3 +0,5 mM) und eine um 17% erhdhte
Aktivitat (Vmax= 173,3 + 11,1 pmol mint mg?) zu 2,5-Hexandion aufweist im Vergleich zum Wildtyp (Kw= 5,1
+0,6 mMM; Vinax= 148,5 + 12,3 umol min mg™?). Zusatzlich setzte LbADH** auch die Substrate Acetophenon,
2-Acetylpyridin, 2-Hexanon, 4-Hydroxy-2-butanon und MAA effizienter um. Die Isolierung von LbADHX"¢
zeigt, dass pSenSox in Kombination mit Hochdurchsatz-Screening, die Moglichkeit bietet, unerwartete
Mutationen zu identifizieren, die zu einer Verbesserung von NADPH-abhangigen ADHs fuhren.
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Scientific context and key results of this thesis

1. Scientific context and key results of this thesis

1.1. Transcription factor-based biosensors

In prokaryotes, transcription factors (TFs) serve as molecular sensors and are needed for
the physiological adaptation to environmental and metabolic cues (Ulrich et al., 2005). They
control the expression of their target gene(s) as activators or repressors at the level of
transcription. TFs respond to a wide variety of signals, including the interaction with small
(effector) molecules, ions, physical parameters (e.g. temperature or pH), protein-protein
interaction or protein modification (Mahr and Frunzke, 2016).

Genetically encoded, TF-based biosensors usually consist of the TF itself and one of its
target promoters fused to a reporter gene. The TF senses the signal, for instance, a high
concentration of a certain amino acid, and subsequently activates expression of the reporter
gene, typically encoding a fluorescent protein. One major advantage of TF-based biosensors
with reporter genes for fluorescent proteins is that these systems enable a correlation of the
intracellular concentration of a particular molecule or another signal to a measurable
fluorescent signal which can be detected at the single cell level by high-throughput methods
such as flow cytometry. Consequently, TF-based biosensors with fluorescent proteins as
reporters turned out to be highly useful tools for monitoring physiological responses at the
single-cell level and for enabling high-throughput screening in strain and enzyme development
(Dietrich et al., 2010; Eggeling et al., 2015; Mahr and Frunzke, 2016; Rogers et al., 2016).

In recent years, TF-based biosensors for amino acids were developed and used to identify
novel mutations for overproduction of L-lysine, L-arginine, and L-histidine by fluorescence
activated cell sorting (FACS)-based screening of genome-wide, gene-specific, and codon-
specific mutant libraries (Binder et al., 2012; Binder et al., 2013; Schendzielorz et al., 2014) or
for increasing L-valine production by adaptive laboratory evolution (Mahr et al., 2015). Besides
the sensors for amino acids, a TF-based biosensor responding to the intracellular availability
of NADPH was developed (Siedler et al., 2014). This NADPH biosensor, which takes advantage
of the SoxRS regulatory system of Escherichia coli, was the major tool for the realization of the

experiments of this thesis (cf. chapter 1.3).
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1.2. The SoxRS system of E. coli

1.2.1. The oxidative stress regulators SoxR and SoxS

SoxR and SoxS are transcription factors that control the expression of oxidative stress
response genes when cells are exposed to superoxide, redox-cycling drugs, or nitric oxide
(Hidalgo and Demple, 1994; Kobayashi, 2017). In E. coli, the SoxRS system regulates gene
expression in a two-step regulatory cascade. First, an oxidation of the iron-sulfur cluster
activates the transcriptional regulator SoxR, which then activates soxS expression (Greenberg
et al., 1990; Tsaneva and Weiss, 1990). SoxR was previously considered to activate expression
of soxS only, but recent studies uncovered further direct SoxR target genes (Seo et al., 2015).
SoxS activates genes, many but not all of which are responsible for coping with damage caused
by oxygen radicals, such as sodA for superoxide dismutase, zwf for the NADPH-generating
glucose 6-phosphate dehydrogenase, or fumC for fumarase C (Blanchard et al., 2007; Seo et
al., 2015).

SoxR is a homodimer with each subunit containing an [2Fe-2S] cluster (Hidalgo and Demple,
1994; Watanabe et al., 2008) (Fig. 1). SoxR activity is controlled by an alteration of the redox
state of its [2Fe-2S] clusters, which is associated with conformational changes: SoxR activates
soxS expression only in the oxidized [2Fe-25]?* state, but not in the reduced [2Fe-2S]* state
(Ding et al., 1996; Gaudu and Weiss, 1996). Thus, SoxR senses oxidative stress using the redox
states of the [2Fe-2S] cluster and regulates the transcription of the soxS gene by structural

changes between the oxidized and reduced forms.

Fig. 1. Structure of the SoxR-soxS promoter complex. The SoxR homodimer is shown in blue. The iron
and sulfur atoms of the two [2Fe-2S] clusters are represented in light grey and yellow spheres,
respectively. The DNA fragment appears in dark grey. The image was generated with the software
PYMOL 2.2.0 (PDB code 2ZHG).

SoxR is kept in the reduced state by NADPH-dependent reduction of its oxidized [2Fe-2S]?*
clusters with the help of NADPH-dependent reductases (Koo et al., 2003). Conversion of

2
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inactive, reduced SoxR into active, oxidized SoxR can be induced by multiple factors. These
include direct oxidation of SoxR by superoxide (Liochev and Fridovich, 2011; Fujikawa et al.,
2012) and by redox-cycling drugs (Gu and Imlay, 2011), nitrosylation of SoxR (Ding and
Demple, 2000), and conditions leading to a diminished NADPH/NADP* ratio within cells
(Liochev and Fridovich, 1992; Krapp et al., 2011).

Upon removal of the oxidative stress inducing signal, SoxR is re-reduced, soxS transcription
is inactivated and the expression of the genes controlled by the SoxRS system quickly returns
to the pre-induced level. It has been shown that the intrinsic instability of SoxS (ti2 ~ 2 min)
and the degradation of SoxS, primarily through the Lon protease, are responsible for the rapid
return of the SoxRS system to the inactive state when the stimuli activating the system are no

longer present (Griffith et al., 2004).

1.2.2. The soxRS promoter

In the genome of E. coli, the soxR gene is located divergently to the soxS gene. The soxS
promoter is located within the 85-nucleotide soxRS intergenic region (Wu and Weiss, 1991;
Hidalgo et al., 1998) (Fig. 2). The SoxR binding site is located between the -10 and -35 regions
of the soxS promoter. Interestingly, SoxR binds both in the oxidized and in the reduced state
with high affinity (Hidalgo and Demple, 1994; Gaudu and Weiss, 1996).

In literature several transcription start sites (TSSs) are proposed for SoxR. There is a study
indicating that the soxR promoter is embedded within the soxS structural gene (Wu and Weiss,
1991). A subsequent analysis revealed that the promoters of the two genes overlap and that
both, the TSS of soxR and the TSS of soxS, are located in the soxRS intergenic region (Hidalgo
et al., 1998). According to Hidalgo et al. (1998), the SoxR binding site in the soxS promoter
covers the TSS of the soxR transcript so that binding of SoxR auto-represses its own
transcription. In consequence, SoxR does not only activate soxS expression but simultaneously
acts as a noninducible repressor of its own expression, both in the oxidized and the reduced
state (Hidalgo et al., 1998). In a more recent study reporting on a global analysis of TSSs in E.
coli by RNA sequencing, two TSSs for soxR were found (Thomason et al., 2015). One was
located only 1 bp upstream of the TSS found by Hidalgo et al. (1998), whereas the second one
was located within the soxS coding region, but closer to the soxS start codon than the TSS

found by Wu and Weiss (1991) (Fig. 2).
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1 TAACGCGCGGGCAATAAAATTACAGGCGGTGGCGATAATCGCTGGGAGTGCGATCAAACTGCCGACGGAAAACGCGGGAGAA
ATTGCGCGCCCGTTATTTTAATGTCCGCCACCGCTATTAGCGACCCTCACGCTAGTTTGACGGCTGCCTTTTGCGCCCTCTT

8

w

GGTCTGCTGCGAGACATAACCCAGGTCCATTGCGATATCAAAAATCGGACGCTCGGTGGTGCGCAACTCAACGGCGGCCAGT
CCAGACGACGCTCTGTATTGGGTCCAGGTAACGCTATAGTTTTTAGCCTGCGAGCCACCACGCGTTGAGTTGCCGCCGGTCA

-35 PsoxR -10P;q #’SOXR

AACAGGCGGCGTTGGCGAATGTAATCGCCAAGCGTCTGATGCGTCACCGTGCGGAACATTCGTTGCAAGTACCACTTTGAAT
TTGTCCGCCGCAACCGCTTACATTAGCGGTTCGCAGACTACGCAGTGGCACGCCTTGTAAGCAACGTTCATGGTGAAACTTA

-35Pom -10P 5 +1, soxR

247 AGCCTGATTTTTTTGCGACTACATCAATGTTAAGCGGCTGGTCAATATGCTCGTCAATCCATGCGATAAGATCCTGAATAAT
TCGGACTAAAAAAACGCTGATGTAGTTACAATTCGCCGACCAGTTATACGAGCAGTTAGGTACGCTATTCTAGGACTTATTA
+1 SoxR
+«— soxS 35 Pooxr 10 Poou FE s0xR
329 TTTCTGATGGGACATAAATCTGCCTCTTTTCAGTGTTCAGTTCGTTAATTCATCTGTTGGGGAGTATAATTCCTCAAGTTAA
AAAGACTACCCTGTATTTAGACGGAGAAAAGTCACAAGTCAAGCAATTAAGTAGACAACCCCIEAIAITAAGGAGTTCAATT

soSq -10P

16

[

S0XS

SOXR —>
CTTGAGGTAAAGCGATTTIATGGAAAAGAAATTACCCCGCATTAAAGCGCTGCTAACCCCCGGCGAAGTGGCGAAACGCAGCG
GAACTCCATTTCGCTAAATACCTTTTCTTTAATGGGGCGTAATTTCGCGACGATTGGGGGCCGCTTCACCGCTTTGCGTCGC

-35P

41

[N

SOXS

49

w

GTGTGGCGGTATCGGCGCTGCATTTCTATGAAAGTAAAGGGTTGATTACCAGTATCCGTAACAGCGGCAATCAGCGGCGATA
CACACCGCCATAGCCGCGACGTAAAGATACTTTCATTTCCCAACTAATGGTCATAGGCATTGTCGCCGTTAGTCGCCGCTAT

57

w

TAAACGTGATGTGTTGCGATATGTTGCAATTATCAAAATTGCTCAGCGTATTGGCATTCCGCTGGCGACCATTGGTGAAGCG
ATTTGCACTACACAACGCTATACAACGTTAATAGTTTTAACGAGTCGCATAACCGTAAGGCGACCGCTGGTAACCACTTCGC

657 TTTGGCGTGTTGCCCGAAGGGCATACGTTAAGTGCGAAAGAGTGGAAACAGCTTTCGTCCCAATGGCGAGAAGAGTTGGATC
AAACCGCACAACGGGCTTCCCGTATGCAATTCACGCTTTCTCACCTTTGTCGAAAGCAGGGTTACCGCTCTTCTCAACCTAG

739 GGCGCATTCATACCTTAGTGGCGCTGCGTGACGAACTGGACGGATGTATTGGTTGTGGCTGCCTTTCGCGCAGTGATTGCCC
CCGCGTAAGTATGGAATCACCGCGACGCACTGCTTGACCTGCCTACATAACCAACACCGACGGAAAGCGCGTCACTAACGGG

82

[

GTTGCGTAACCCGGGCGACCGCTTAGGAGAAGAAGGTACCGGCGCACGCTTGCTGGAAGATGAACAAAACTAAAGCGCCAAG
CAACGCATTGGGCCCGCTGGCGAATCCTCTTCTTCCATGGCCGCGTGCGAACGACCTTCTACTTGTTTTGATTTCGCGGTTC

903 AAGGTACCGGCGCACGCTTGCTGGAAGATGAACAAAACTAAAGCGCCACAAGGGCGCTTT
TTCCATGGCCGCGTGCGAACGACCTTCTACTTGTTTTGATTTCGCGGTGTTCCCGCGAAA

Fig. 2. DNA sequence and features of the soxRS region of E. coli K-12 MG1655. The soxS coding region
(nucleotides 19-342), the soxRS intergenic region (nucleotides 344-428), and the soxR coding region
(nucleotides 429-893) are colored in red, grey, and blue, respectively. The beginning and ending of the
soxR and soxS gene regions are surrounded by open boxes. The positions of the TSS (+1) and the
corresponding -10 and -35 regions of the soxR promoter according to Wu and Weiss, 1991 are
indicated in blue on the upper strand in the nucleotide region 177-212. The -10 and -35 regions are
underlined. The positions of the TSS (+1) and the corresponding -10 and -35 regions in the intergenic
SoxRS region (nucleotides 344-428) according to Hidalgo et al., 1998 are indicated in blue on the upper
strand for soxR and in red on the lower strand for soxS. The soxR -10 and -35 regions are underlined
with dotted lines, whereas the soxS -10 and -35 regions are underlined with dashed lines. The two
identified soxR TSS (+1) according to Thomason et al., 2015 are highlighted in dark blue. For the

4



Scientific context and key results of this thesis

identification of the putative -10 and -35 regions corresponding to the soxR TSS (+1) at position 326
phiSITE's PromoterHunter Tool (http://www.phisite.org) (Klucar et al., 2009) and its provided search
matrix were used. The identified soxR -10 and -35 regions are indicated in dark blue on the upper
strand in the nucleotide region 285-313 and are underlined with dashdotted lines. The yellow box
corresponds to the SoxR-binding site according to Hidalgo & Demple, 1994.

1.2.3. The SoxR-reducing system

By screening an E. coli mutant library, mutations in the rseC gene and in the rsxABCDGE
operon were found to cause constitutive expression of a Psoxs-lacZ reporter gene in a SoxR-
dependent manner (Koo et al., 2003). Further studies led to the conclusion that the
membrane-integral RsxABCDGE complex and the membrane protein RseC (Daley et al., 2005)
constitute a SoxR-reducing system (Koo et al., 2003) (Fig. 3). The statement that purified RsxC
exhibits NADPH-dependent cytochrome ¢ reduction activity suggests that NADPH serves as
electron donor of the Rsx complex (Koo et al., 2003).

The rsxABCDGE operon is highly homologous to the rnfABCDGE operon of Rhodobacter
capsulatus (Koo et al., 2003), indicating that the RsxABCDGE complex belongs to the family of
Rnf complexes. The presence of rnf genes in bacteria suggests the existence of a membrane-
bound, redox-driven ion transporter that links translocation of either Na* or H* across the
membrane to redox reactions (Hreha et al., 2015). More specifically, Rnf enzymes drive the
endergonic reduction of ferredoxin (Eo' = —420 mV) with NAD(P)H (Eo' = -320 mV) by the
proton- or sodium-motive force via import of H* or Na*, or, in the reverse reaction, the
exergonic reduction of NAD(P)* with reduced ferredoxin coupled to the export of H* or Na*
(Biegel et al., 2011). The redox potential of SoxR in its DNA-free and its DNA-bound state was
reported to be -293 mV and -320 mV (Kobayashi et al., 2015), respectively, which is in the
same range as the one of NAD(P)H. Consumption of proton- or sodium-motive force via the
Rsx complex to drive reduction of SoxR by NADPH allows the cell to keep most SoxR in the

reduced state in the absence of inducing conditions.
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Fig. 3. Model of the SoxR-reducing system based on the topology model of the Rnf complex of Vibrio
cholerae (Hreha et al., 2015). RsxABCDGE and RseC are predicted to form a membrane-bound complex.
This complex reduces active (oxidized) SoxR.x to inactive (reduced) SoxRreq with NADPH as reductant
at the expense of a transmembrane electrochemical Na* or H* gradient. Co-factors for electron
translocation from NADPH to oxidized SoxR might be present at RsxB and RsxC (iron-sulphur clusters,
FeS) as well as RsxD and RsxG (flavin mononucleotides, FMN).

1.2.4. The effect of redox-cycling drugs on the soxRS response

Paraquat (1, 1’-dimethyl-4, 4’-bipyridinium dichloride) and menadione (2-methyl-1,4-
naphthoquinone) have been reported to induce the soxRS response in E. coli (Greenberg et
al., 1990; Wu and Weiss, 1991; Seo et al., 2015). Paraquat and menadione are redox-cycling
drugs, which mediate the transfer of electrons from NADPH to oxygen, leading to the
continuous generation of superoxide (Kappus and Sies, 1981) (Fig. 4). Several possibilities exist
how redox-cycling drugs might activate the soxRS response: (i) the superoxide radical has been
shown to directly oxidize the [2Fe-2S] cluster of SoxR (Fujikawa et al., 2012), thus forming
active SoxR; (ii) the redox-cycling drug might directly interact with reduced SoxR and oxidize
it, leading to active SoxR (Gu and Imlay, 2011); (iii) the reduction of the redox-cycling agent by
NADPH might lead to a decreased NADPH/NADP* ratio, thereby interfering with the NADPH-
dependent reduction of SoxR and causing an increased level of oxidized, active SoxR; or (iv)
the redox-cycling drug might be directly reduced by the SoxR-reducing system(s) of the cell,
thereby inhibiting SoxR reduction and causing increased levels of oxidized, active SoxR. It is
also possible that several of these mechanisms contribute to the activation of SoxR by

paraquat and menadione.
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Fig. 4. Redox-cycle of the redox-cycling drugs paraquat (A) and menadione (B). The two redox-cycling
drugs mediate the transfer of electrons from NADPH to oxygen, leading to the generation of
superoxide.

1.3. The NADPH biosensor pSenSox and its applications

The TF-based NADPH biosensor is encoded by the plasmid pSenSox (Fig. 5A) and takes
advantage of the NADPH-responsiveness of the SoxRS system of E. coli. The biosensor coding
region of pSenSox consists of the soxR gene, the SoxR target promoter Psoxs, @ small part of
the soxS coding region (63 bp) followed by a stop codon, and the reporter gene eyfp (Fig. 5B).
Hence, the SoxR-activated soxS promoter controls the expression of the eyfp gene, allowing
detection of SoxR activation at the single cell level by monitoring the intensity of eYFP
fluorescence (Siedler et al.,, 2014). Fluorescence can be measured, for instance, with a
FACSAria cell sorter, a BiolLector microcultivation system, or a microplate reader. The
biosensor responds to NADPH changes, because the enzymatic reduction and inactivation of
oxidized SoxR is NADPH-dependent. An increased cellular NADPH demand impairs SoxR

reduction and leads to an increased eyfp expression (Siedler et al., 2014).
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Fig. 5. (A) Scheme of the NADPH biosensor plasmid pSenSox carrying the NADPH biosensor coding
region and the Lbadh gene. (B) The functional principle of the biosensor: the NADPH biosensor consists
of the transcription factor SoxR and its target promoter Pss, which is fused to the reporter gene eyfp.
Dimeric SoxR binds to the soxRS intergenic region and its activity is controlled by the redox state of its
iron-sulfur cluster: in the reduced state it is inactive and there is no eyfp expression. In the oxidized
state SoxR is active and triggers eyfp expression. The sensor responds to changes of the NADPH level
because the enzymatic reduction and inactivation of oxidized SoxR is NADPH dependent. An increased
cellular NADPH demand impairs SoxR reduction and leads to SoxR activation causing eYFP production.
(C) NADPH-dependent reduction of MAA to MHB catalyzed by the LbADH.

Besides the biosensor, pSenSox carries the gene for the strictly NADPH-dependent alcohol
dehydrogenase of Lactobacillus brevis (LbADH) (Fig. 5A). The biosensor response was studied
during the reductive whole-cell biotransformation of methyl acetoacetate (MAA) to R-methyl
3-hydroxybutyrate (MHB) by the LbADH (Fig. 5C) using E. coli cells carrying pSenSox, and it was
found that the cells became fluorescent (Siedler et al., 2014). More specifically, it was shown
that the specific eYFP fluorescence of the E. coli cells correlated not only with the MAA
concentration added to the cells, but also with the specific LbADH activity when a fixed MAA
concentration was provided (Siedler et al., 2014). Due to the latter property, one promising

application of the NADPH biosensor is the FACS-based screening of large strain libraries
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containing numerous variants of NADPH-dependent enzymes for improved variants. A proof
of concept approach led to the identification of one LbADH variant with a slightly increased

activity but reduced affinity for the substrate 4-methyl-2-pentanone (Siedler et al., 2014).

1.4. The (R)-specific alcohol dehydrogenase of Lactobacillus

brevis

The LbADH is a biotechnologically interesting alcohol dehydrogenase that catalyzes the
enantioselective reduction of prochiral ketones into the corresponding, mostly (R)-configured

secondary alcohols (Rodriguez et al., 2014) (Fig. 6).

0 OH
LBADH
+ NADPH + HY /@ +  NADP*

Rl R? R? R?

prochiral ketone secondary alcohol

Fig. 6. Reaction scheme for the reduction of prochiral ketones to the corresponding secondary alcohols
catalyzed by the (R)-specific alcohol dehydrogenase LbADH using NADPH as cofactor.

The LbADH is an attractive candidate for biocatalytic transformations, because it is a highly
robust and versatile catalyst featuring high regio-and stereoselectivity, a broad substrate
range, and the ability to convert sterically demanding substrates (Leuchs and Greiner, 2011).
Its preferred in vitro substrates are prochiral ketones such as acetophenone with almost
invariably a small methyl group as one substituent and a bulky moiety (often aromatic, such
as phenyl) as the other (Schlieben et al., 2005). The efficiency of substrate conversion is
influenced by, apart from the substrate size, the steric and electronic effects of the used
substrate, and the thermodynamic stability of the products (Rodriguez et al., 2014).

The LbADH is active as a homotetramer with 251 amino acid residues and a molecular mass
of 26.6 kDa per subunit (Riebel, 1997; Niefind et al., 2003). It is a short-chain Mg?*-dependent
reductase that uses the cofactor NADPH as reducing agent. The crystal structure of the wild-
type (wt) LbADH was solved (Niefind et al., 2003; Schlieben et al., 2005) (Fig. 7). Modelling
studies provided the structural basis of its substrate and cosubstrate specificity, as well as an

explanation of the enantiospecificity, and the Mg?* dependency of this biocatalyst (Niefind et
9
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al., 2003; Schlieben et al., 2005). It was found that the residues Asn113, Ser142, Tyr155, and
Lys159 are involved in the catalytic mechanism. Moreover, the homotetramer contains two
Mg?* binding sites and four active centers (one per subunit) (Niefind et al., 2003). Each Mg?*
stabilizes the quaternary structure. Their removal, however, does not disrupt the
homotetrameric assembly, but fully inactivates the enzyme (Niefind et al., 2003). The non-
covalently bound cofactor NADPH is essential for catalysis and has to be recycled efficiently to
make the biotransformation economically feasible (Leuchs and Greiner, 2011; Débber et al.,

2018).

" Mg2+ o

NADPH
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Fig. 7. Crystal structure of the wild-type LbADH monomer (A), the active center (B) and the
homotetramer (C and D) in complex with the substrate acetophenone, the cofactor NADPH and Mg?**.
Acetophenone and NADPH are shown as violet sticks. The Mg?* ions are shown as light green spheres.
The residues Asn113, Ser142, Tyrl55, Lys159 involved in the catalytic mechanism are shown as sticks
in grey. The images were generated with the software PyMOL 2.2.0 (PDB code 1ZK4).

1.5. The transhydrogenases of E. coli

Transhydrogenases catalyze the reversible interconversion of NADH and NADPH. E. coli
possesses two transhydrogenases, the membrane-bound, proton-translocating
transhydrogenase PntAB and the soluble, energy-independent transhydrogenase SthA (also

called UdhA) (Sauer et al., 2004). PntAB is used to produce NADPH from NADH and NADP*
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using an electrochemical proton gradient as driving force (Sauer et al., 2004; Kabus et al.,
2007), while SthA is mainly involved in NADH production from NADPH (Sauer et al., 2004;
Auriol et al., 2011). With these two enzymes, E. coli can compensate for imbalances between

catabolic NADPH production and anabolic NADPH consumption.

1.6. Economically feasible biotransformations to produce chiral
alcohols

Chiral alcohols with high enantiomeric purity are important intermediates for the synthesis
of optically active fine chemicals that are, among others, used to produce pharmaceuticals
and agrochemicals (Ager et al., 1996; Liese et al., 2001; Breuer et al., 2004). Because of the
high chemo-, regio- and enantioselectivities commonly displayed by enzymes, their use as
biocatalysts, both in isolated form and in whole-cell systems, for the production of chiral
building blocks is of interest. Apart from highly selective reactions, biocatalytic reductions can
offer environmentally and economically attractive processes, making the use of
biotechnological applications a real alternative to traditional chemical synthesis routes
(Munoz Solano et al., 2012; Ni and Xu, 2012). Alcohol dehydrogenases (ADHs) are used for the
synthesis of chiral alcohols under very mild reaction conditions due to their high catalytic
efficiency and selectivity (Hall and Bommarius, 2011; Zheng et al., 2017). Therefore, the
improvement of these enzymes for in vivo and in vitro applications is of major interest,
especially the optimization of specificity, catalytic activity, and the enlargement of the

substrate spectrum (Hall and Bommarius, 2011).

1.7. Strategies to find improved enzyme variants

Two classical methods are usually used to isolate improved enzymes: rational protein
design and directed evolution through random or semi-rational mutagenesis (Bornscheuer
and Pohl, 2001). However, both methods have limits. Purely rational approaches are restricted
by the lack of understanding of how protein structure relates to enzyme function. One of the
most challenging parts of directed evolution is the identification of improved variants from
mutant libraries (Leemhuis et al., 2009). Typically, screenings of mutant libraries involve
dedicated assays for a certain substrate or product (Bloch, 2006), as the majority of molecules

of interest do not have an easily observable phenotype (Bott, 2015).

11
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In recent years, transcription factor (TF)-based biosensors have been established as a
robust method for the identification of productive mutations both within whole genomes or
specific enzymes (Bott, 2015; Eggeling et al., 2015; Mahr and Frunzke, 2016). One major
advantage of TF-based biosensors with fluorescent reporter genes is that these systems can
be used for fluorescence activated cell sorting (FACS) allowing high-throughput screening for

promising candidates (Binder et al., 2012; Binder et al., 2013).

1.8. Aims of this thesis

The SoxR-based NADPH biosensor pSenSox was applied in two ways. Firstly, the biosensor
was used to study the influence of various conditions on SoxR activity in E. coli, including
different cultivation media, redox-cycling drugs, mutants lacking known SoxR reductases
(RsxABCDGE and RseC), and mutants deficient in the transhydrogenases SthA and PntAB. For
these studies the biosensor output was typically recorded during the reductive
biotransformation of MAA to MHB by the LbADH (Fig. 5C).

Secondly, the biosensor pSenSox was used to identify variants of LbADH with improved
activity for the substrate 2,5-hexanedione. This included the construction of a sufficiently large
library of LbADH variants created by random mutagenesis followed by high-throughput FACS
screening to isolate clones of the library that showed increased fluorescence during the
biotransformation of 2,5-hexanedione. Finally, an LbADH purification procedure had to be

established for in vitro enzyme characterization.

1.9. Key results

1.9.1. NADPH-related processes studied with a SoxR-based biosensor in E. coli

In the first part of this thesis, the influence of (i) different cultivation media, (ii) redox-
cycling drugs, (iii) the lack of known SoxR reductases (RsxABCDGE and RseC), and (iv) the lack
of the transhydrogenases SthA and PntAB on SoxR activity were tested using the NADPH
biosensor pSenSox. The results have been published in the manuscript entitled “NADPH-
related processes studied with a SoxR-based biosensor in Escherichia coli” in

MicrobiologyOpen (DOI: 10.1002/mbo3.785) (cf. chapter 2.1).
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1.9.1.1. The influence of different media on the NADPH biosensor response

To evaluate the influence of different media on the response of the pSenSox-based NADPH
biosensor, the biotransformation of MAA to MHB catalyzed by the NADPH-dependent LbADH
(Fig. 5C) was performed with E. coli/pSenSox cells in three complex media (TB, 2xTY, or LB)
and in a defined minimal medium (M9) with glucose as carbon source. The experiments with
the different media included negative controls such as cultures in which MAA was omitted or
in which the plasmid pSenNeg, encoding a defective LbADH, was used. The biotransformation
was performed with cells that were cultivated in a BioLector microcultivation system which
allows for online recording of eYFP fluorescence (excitation at 485 nm, emission at 520 nm)
and biomass gain (change in cell density measured as backscattered light at 620 nm).

Regarding the NADPH biosensor response, it was observed that the specific eYFP
fluorescence of the cultures, which corresponds to the ratio of absolute fluorescence over
backscatter, increased during reduction of MAA to MHB in all tested media. However, the
presence of MAA had a negative influence on growth, even in the absence of LbADH, and this
negative influence was further enhanced in the presence of LbADH activity, presumably due
to NADPH consumption for MAA reduction to MHB. In the absence of either MAA or LbADH
activity, eYFP synthesis was not induced. When comparing the different media with respect
to biomass gain after the addition of MAA, the highest cell density was reached in TB medium,
followed by 2xTY and LB medium, in which the biomass gain was comparable, and M9-glucose
medium, in which almost no further biomass gain occurred. The highest specific fluorescence
was obtained in 2xTY medium and LB medium, whereas it was much lower and comparable
for TB and M9-glucose medium.

In conclusion, 2xTY and LB media led to a higher biosensor response than media containing
an added carbohydrate, such as TB and M9-glucose medium. However, M9-glucose medium
can in principle be used to monitor the SoxR-based NADPH biosensor response, which can be
necessary or advantageous for experiments in which components of yeast extract or tryptone
are disturbing. Overall, the strongest biosensor signal was observed in 2xTY medium, which

was therefore chosen for the following experiments with the biosensor.
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1.9.1.2. The influence of redox-cycling drugs on the NADPH biosensor response

Redox-cycling drugs such as paraquat and menadione have been reported to induce the
soxRS response in E. coli (cf. chapter 1.2.4). To examine whether the SoxR-based NADPH
biosensor responds to the redox-cycling drugs as expected, E. coli/pSenSox cells were exposed
to different paraquat concentrations (OpuM, 1puM, 5puM) and different menadione
concentrations (0 uM, 5 uM, 10 uM). The biomass gain and the eYFP fluorescence were
monitored in a BioLector after the addition of the redox-cycling drugs to the cultures.

At the concentrations used, both compounds had only minor effects on growth, but clearly
triggered a concentration-dependent activation of the SoxR-based biosensor response. These
results confirm the strong responsiveness of the SoxR system to paraquat and menadione.
Higher concentrations of paraquat (0.01-10 mM) and menadione (15-50 uM) were tested, but
did not lead to further increased fluorescence. In conclusion, these experiments are in
accordance with the general view that redox-cycling drugs activate the SoxR response

(Greenberg et al., 1990; Wu and Weiss, 1991; Seo et al., 2015).

1.9.1.3. The influence of rseC and rsxABCDGE deletion on the NADPH biosensor
response

The RsxABCDGE (Rsx) complex and the protein RseC constitute a membrane-bound SoxR-
reducing system, involved in keeping the SoxR iron-sulfur clusters in a reduced state,
rendering SoxR transcriptionally inactive (Koo et al., 2003) (cf. chapter 1.2.3). This SoxR-
reducing system is supposed to modify the redox state of SoxR in an NADPH-dependent
manner (Koo et al., 2003). Due to the suggested NADPH-dependency of the reducing system,
the influence of the Rsx and RseC proteins on the SoxR-based NADPH biosensor response was
examined using deletion mutants.

Using E. coli BL21(DE3) as parent strain, a ArseC mutant, a Arsx mutant, and a ArseCArsx
double mutant were constructed and analyzed regarding growth and biosensor response. In
shake flask experiments with 2xTY medium, all deletion mutants and the parental strain
exhibited the same growth behavior, showing that under these conditions RseC and the Rsx
complex are dispensable. The changes in fluorescence of the ArseC, Arsx, and ArseCArsx
mutants carrying pSenSox were studied (i) during the NADPH-dependent biotransformation
of MAA to MHB by the LbADH and (ii) in the presence of the redox-cycling drug paraquat. All

deletion mutants showed an increased fluorescence signal compared to the parental strain
14
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both in the presence of MAA and paraquat. The most intense fluorescence signal was recorded
in the ArseC mutant, followed by the ArseCArsx mutant and the Arsx mutant.

To confirm that the observed effects on the biosensor signal were due to the gene
deletions, complementation experiments were performed in the presence of MAA. This
required the construction of the plasmids pACYC-rseC, pACYC-rsx, and pACYC-rseC-rsx, which
were introduced in addition to the plasmid pSenSox into the corresponding deletion mutants.
The parental plasmid pACYCDuet-1, which is a T7-based multicopy plasmid carrying an IPTG-
inducible promoter, was used as negative control. Already the basal expression of rseC and/or
rsx in the respective deletion mutants without addition of IPTG resulted in decreased
biosensor signals compared to the ones obtained in the mutants carrying the control plasmid
pACYCDuet-1. However, the complementation was incomplete, because the intensity of the
fluorescence signal in the complementation strains was still higher than in the parental strain.
Although complementation was only partial, which could be due to an inadequate expression
level of the plasmid-encoded genes, it confirmed that the rseC and rsx deletions were
responsible for the increased biosensor response in the mutants.

These results support previously published data stating that RseC and the Rsx complex are
involved in SoxR reduction (Koo et al., 2003). An interesting observation made by Koo and
coworkers as well as in this study, was that the deletion of both rseC and the rsx cluster had
no additive effect and expression of the reporter gene was even to some extent lower in the
ArseCArsx mutant than in the ArseC single mutant. This leads to the assumption that RseC and
the Rsx complex do not function independently but work together to keep SoxR in its reduced
state, as proposed previously (Koo et al., 2003). It is also worth mentioning that the ArseCArsx
double mutant did not show the highest fluorescence signal among the deletion mutants. The
intensity of the biosensor signal in the double mutant suggests that complete deletion of the
SoxR-reducing system does not lead to a complete loss of the ability to reduce SoxR. Hence, it
could be concluded that apart from the SoxR-reducing system further ways of keeping SoxR
in its inactive, reduced state might exist. Moreover, when paraquat was used to induce the
NADPH biosensor response, the fluorescence signal was also increased in all mutants
compared to the parental strain. The ArseC mutant showed the highest specific fluorescence
followed by the ArseCArsx mutant and the Arsx mutant. The observation that paraquat and
rsx and/or rseC deletion showed an additive effect on the biosensor response confirms that a

fraction of SoxR must still be in the reduced state in the mutants and suggests that paraquat-
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based activation of SoxR is not due to interference with SoxR reduction by the Rsx/RseC
system.

All in all, this study confirmed that the lack of rsx and rseC leads to the activation of the
pSenSox-based response and therefore supports the previous results obtained by Koo et al.,

(2003).

1.9.1.4. The influence of the transhydrogenase deletions ApntAB, AsthA and
AsthAApntAB on the NADPH biosensor response

The transhydrogenases SthA and PntAB of E. coli are involved in NADPH metabolism (cf.
chapter 1.5). PntAB produces NADPH from NADH and NADP* using the electrochemical proton
gradient as driving force (Sauer et al., 2004), while SthA is mainly involved in NADH production
from NADPH (Sauer et al.,, 2004; Auriol et al.,, 2011). Due to the relevance of the
transhydrogenases in the regulation of cellular NADPH levels, the influence of these enzymes
on the NADPH biosensor response was examined using deletion mutants of E. coli BL21(DE3)
lacking either sthA, or pntAB, or both.

The growth behavior of the transhydrogenase mutants was tested in shake flask
experiments using 2xTY medium. The parental strain E. coli BL21(DE3) and the ApntAB mutant
had the same growth behavior, whereas the AsthA mutant and the AsthAApntAB double
mutant showed a growth defect that became apparent during the exponential growth phase.
Presumably, an excess of NADPH is formed in this growth phase, which cannot be readily
diminished in the absence of SthA. The defect could be largely abolished by plasmid-based
expression of sthA, confirming that it was caused by the sthA deletion.

The influence of SthA and PntAB on the NADPH biosensor signal was analyzed by
monitoring the sensor signal in the constructed mutants during the NADPH-dependent
biotransformation of MAA by the LbADH. The ApntAB mutant showed a slightly increased
biosensor signal. The AsthA mutant and the AsthAApntAB double mutant displayed a
decreased biosensor signal by more than 60%. The decreased fluorescence signal in the
AsthAApntAB double mutant showed that the effect of sthA deletion was dominant over
pntAB deletion. To confirm that the observed effects were due to the gene deletions, the
plasmids pACYC-pntAB and pACYC-sthA were constructed and introduced into the
corresponding deletion mutants in addition to the biosensor plasmid pSenSox. The NADPH

biosensor signal in the complementation strains was also measured during the reduction of
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MAA by the LbADH. The parent vector pACYCDuet-1 served as control. Plasmid-based
expression of pntAB in the ApntAB mutant completely prevented the increase in the biosensor
signal and even reduced it to a small extent. Vice versa, plasmid-based expression of sthA in
the AsthA mutant completely prevented the decrease in the sensor response and even
increased it.

The increased NADPH biosensor signal in the ApntAB mutant compared to the parental
strain suggests that PntAB catalyzes NADP* reduction by NADH, resulting in an increased
NADPH availability. Hence, the absence of pntAB leads to a decrease in NADPH production
from NADH and NADP* and thus an increased biosensor signal. These results support previous
studies stating that PntAB is involved in NADPH formation in E. coli (Sauer et al., 2004). For
instance, overexpression of pntAB enhanced conversion of acetophenone to (R)-
phenylethanol by the NADPH-dependent alcohol dehydrogenase of Lactobacillus kefir
(Weckbecker and Hummel, 2004) and improved the biosynthesis of 3-hydroxypropionic acid
from its precursor malonyl-CoA by an NADPH-dependent malonyl-CoA reductase
(Rathnasingh et al., 2012). Moreover, heterologous overexpression of the E. coli pntAB genes
in Corynebacterium glutamicum was shown to enhance production of L-lysine, whose
biosynthesis is strongly NADPH-dependent (Kabus et al., 2007). Contrary to PntAB, the results
obtained with the AsthA mutant indicate that SthA catalyzes NADPH oxidation. Thus, the
deletion of sthA results in an increased NADPH availability, which is reflected by a decreased
biosensor signal. These data are in agreement with previous studies showing that SthA is
required under conditions leading to excess NADPH formation (Sauer et al., 2004). The
decreased fluorescence signal in the AsthAApntAB double mutant suggests that SthA activity
is much higher than PntAB activity, which can be expected based on the fact that PntAB
catalyzes a reaction coupled to proton transfer across the membrane.

In conclusion, it was shown that PntAB and SthA play an important role in NADPH

metabolism and exhibit opposite functions for the NADPH availability in E. coli.

1.9.2. Optimization of the NADPH-dependent LbADH using pSenSox

In the second part of this thesis, the biosensor pSenSox was used for FACS-based screening
to find an improved variant of the NADPH-dependent alcohol dehydrogenase LbADH for the
substrate 2,5-hexanedione. FACS is a powerful high-throughput tool for the screening of large

libraries containing fluorescent reporter genes to monitor changes in gene expression
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(Dietrich et al., 2010). FACS could be applied for the screening of an LbADH library because of
the previous observation that an increased fluorescence of the E. coli cells carrying pSenSox
variants correlated with higher specific LbADH activity when a fixed substrate concentration
was provided (Siedler et al., 2014).

Prior to FACS screening, a library of LbADH variants was generated by error-prone PCR (ep-
PCR) and cloned into the biosensor plasmid pSenSox replacing the native Lbadh gene. The final
library was estimated to consist of 1.4x10° clones. At first the FACS screening process of the
generated LbADH library comprised three enrichments steps followed by one negative
selection step. Subsequently, a final sort on the library was performed with FACS after
biotransformation of 2,5-hexanedione. E. coli cells carrying the wild-type LbADH and E. coli
cells carrying an inactive LbADH were used as references for electronic gating. After
biotransformation, cells carrying more active LbADH variants should be more fluorescent.
Thus, for the last screening step, the sorting gate was set to include variants showing increased
fluorescence compared to cells expressing the wild-type LbADHWT, which enhances the
chances for identifying improved variants. In the final sorting step, 2.5x10° cells of the library
were analyzed and 240 cells falling into the set gate were isolated and spotted on agar plates.
Out of the 240 sorted cells, 83 (35%) formed colonies after incubation.

To confirm the increased fluorescence of the isolated clones, single colonies were
cultivated in a BiolLector microcultivation system, which enables online monitoring of eYFP
fluorescence. 65 of the 83 tested clones showed the same fluorescence pattern: all 65 clones
displayed a higher fluorescence with similar intensity compared to the fluorescence level of
the strain expressing the native Lbadh gene in the presence and absence of the substrate 2,5-
hexanedione. 12 further clones showed a higher fluorescence than the E. coli TOP10/pSenSox
strain in the presence and absence of the substrate 2,5-hexanedione, but the fluorescence
level was much lower compared to the 65 clones. Six clones showed the same fluorescence
level as the E. coli TOP10/pSenSox. The plasmids of four of the 65 strains showing higher
fluorescence than the E. coli TOP10/pSenSox culture were isolated and sequenced to identify
mutations. All four clones carried a single G>A transition in the Lbadh gene resulting in the
amino acid exchange of lysine-71 to glutamic acid, indicating that the used selection approach
strongly favored this mutation.

To characterize and compare the LbADHX"F variant with the wild-type LbBADHWT, both

enzymes were successfully produced in E. coli C43(DE3), purified with an N-terminal Strep-tag
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by affinity chromatography and subsequent gel filtration, and analyzed by SDS-PAGE. The two
proteins showed an identical elution profile in the affinity chromatography, but in the size-
exclusion chromatography LbADHX1E eluted slightly before LbADHWT. Analysis of the purified
proteins by SDS-PAGE revealed that LbADHY"1E migrates slower on the gel than LbADHW'. The
slightly different elution profiles of LbADHXE and LbADHWT in the size-exclusion
chromatography support a structural change caused by the K71E mutation, whereas SDS-
PAGE suggests that the mutation K71E changed the electrostatic properties of the enzyme.

The purified enzymes were used in spectrophotometric enzyme assays to estimate the
Michaelis constant (Km) and the activity (vmax) for the substrate 2,5-hexanedione. The kinetic
measurements revealed that LbADHX*E had a 16% higher affinity (Km= 4.3 + 0.5 mM) and a
17% higher activity (Vmax= 173.3 £ 11.1 pmol min*mg) compared to the original enzyme (Km=
5.1+ 0.6 mM; Vmax= 148.5 + 12.3 umol min"t mg) with 2,5-hexanedione as substrate.

Interestingly, according to the crystal structure of the LbADH (Niefind et al., 2003; Schlieben
etal., 2005), the residue at position 71 is not an active site residue but is located on the surface
of the protein and is solvent exposed. Hence, the mutation K71E resulted in a charge reversal
on the protein surface. Due to its location, residue K71 seems not to be directly involved in
substrate binding. It was assumed that the improved activity of the LbADH¥"1E variant might
not be limited to the substrate 2,5-hexanedione, which was originally used for FACS screening.
Therefore, the kinetic measurements were also performed with other substrates that are
known to be reduced by the LbADH, and it was found that the LbADH**E variant had also an
increased activity towards the substrates acetophenone, 2-acetylpyridine, 2-hexanone, 4-
hydroxy-2-butanone, and methyl acetoacetate. The activity increased 33% for 5 mM
acetophenone, 21% for 10 mM 2-acetylpyridine, 22% for 10 mM 2-hexanone, 39% for 10 mM
4-hydroxy-2-butanone, and 46% for 12.5 mM MAA. In addition to that, the Km and vmax values
were determined for the substrate MAA. The Ku of the LbADHX"® decreased by 41% (Km
LbADHWT: 1.13 + 0.06 mM, Km LbADHXE; 0.67 + 0.04 mM) and vmax increased by 43%
compared to the LBADHWT (Vmax LODADHWT: 154.2 + 2.2 umol min't mg?, Vmax LBADHY71E: 221.2 +
3.3 umol min"t mg™), indicating that the mutant has also a higher affinity and a higher activity
for MAA. Obviously, the charge reversal K71E on the surface of LbADH led to a more active
enzyme variant.

In conclusion, the identification of the improved variant LbADH¥!E provides further

evidence that random mutagenesis in combination with a high-throughput screening
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approach is a powerful tool for the identification of improved enzyme variants not predictable

by rational enzyme design.

1.10. Conclusions and outlook

Siedler et al. (2014) constructed the NADPH biosensor pSenSox and introduced it as a useful
tool for FACS-based high-throughput screening of libraries of NADPH-dependent enzymes that
are of interest in white biotechnology. The results obtained in this thesis broaden the
application field of pSenSox by demonstrating that it is a useful tool to study NADPH-related
processes in E. coli, such as the effect of the transhydrogenases PntAB and SthA. The function
of the transhydrogenases has been examined in several studies. However, this is the first study
with an NADPH biosensor that confirmed the involvement of PntAB in NADP* reduction and
of SthA in NADPH oxidation. Due to the fact that the biosensor is based on the SoxRS system
of E. coli, it allows to specifically analyze SoxR activation and enzymes that are involved in SoxR
reduction or oxidation. Using the well-studied response of the SoxRS system to redox-cycling
drugs, the applicability of the biosensor for analyzing SoxR-related processes could be shown.
Moreover, the studies performed in this thesis on the SoxR-reducing system (RsxABCDGE and
RseC) represent the first confirmation of the initial results by Koo et al. (2003) and indicate
that an alternative system for SoxR reduction should be present in E. coli.

For studies that involve monitoring of changes in NADPH more precisely, NADPH sensing
proteins can be used as alternative to the TF-based biosensor pSenSox. Recently, another
NADPH biosensor was described, which is based on the specific oxygen-independent
amplification of the intrinsic fluorescence of NADPH by the mBFP protein (Goldbeck et al.,
2018). The mBFP protein was shown to be well suited to study the dynamics of intracellular
NADPH availability with a resolution of seconds and to allow the quantitation of NADPH
(Goldbeck et al., 2018). The pSenSox biosensor is not suitable to monitor dynamic responses,
because it depends on transcription, translation, and oxygen-dependent maturation of eYFP.
However, it allows to preserve changed NADPH levels as a stable fluorescence signal, which is
a prerequisite, for instance, for FACS-based screening of mutant libraries of NADPH-
dependent enzymes. Siedler et al. (2014) demonstrated this potential by the rapid isolation of
an LbADH variant via FACS with a slightly increased activity but reduced affinity for the
substrate 4-methyl-2-pentanone. In this study the biosensor was successfully used in

combination with FACS for the identification of the improved variant LbADHY"'E, showing
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increased activity and affinity for several known LbADH substrates. This provides further proof
that using the biosensor combined with a suitable screening approach is useful for the
identification of unexpected, promising mutations, which could not have been found with
rational protein design.

Taken together, the SoxR-based biosensor proved to be useful for studying NADPH- and
SoxR-related processes. It does not allow to quantify NADPH and to study the dynamics of
intracellular NADPH availability, but these features can be overcome with the mBFP-based
NADPH biosensor. The SoxR-based biosensor reveals its full potential in the FACS-based high-
throughput screening of NADPH-dependent enzyme libraries. The FACS-based screening
approach depends on the use of viable E. coli/pSenSox cells that can express the NADPH-
dependent enzyme and perform the NADPH-dependent reaction in the cytoplasm. Thus,
important requirements for the substrates and products are that they can enter the biosensor-
forming cells and are not toxic to the cells. If this is the case, further high-throughput
screenings of randomly mutagenized libraries of NADPH-dependent enzymes might unveil

interesting, unforeseen enzyme variants that are attractive for industrial application.
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1 | INTRODUCTION

Abstract

NADPH plays a crucial role in cellular metabolism for biosynthesis and oxidative
stress responses. We previously developed the genetically encoded NADPH biosen-
sor pSenSox based on the transcriptional regulator SoxR of Escherichia coli, its target
promoter P, . and eYFP as fluorescent reporter. Here, we used pSenSox to study the
influence of various parameters on the sensor output in E. coli during reductive bio-
transformation of methyl acetoacetate (MAA) to (R)-methyl 3-hydroxybutyrate
(MHB) by the strictly NADPH-dependent alcohol dehydrogenase of Lactobacillus bre-
vis (LbAdh). Redox-cycling drugs such as paraquat and menadione strongly activated
the NADPH biosensor and mechanisms responsible for this effect are discussed.
Absence of the RsxABCDGE complex and/or RseC caused an enhanced biosensor
response, supporting a function as SoxR-reducing system. Absence of the mem-
brane-bound transhydrogenase PntAB caused an increased biosensor response,
whereas the lack of the soluble transhydrogenase SthA or of SthA and PntAB was
associated with a strongly decreased response. These data support the opposing
functions of PntAB in NADP® reduction and of SthA in NADPH oxidation. In sum-
mary, the NADPH biosensor pSenSox proved to be a useful tool to study NADPH-re-
lated processes in E. coli.

KEYWORDS
NADPH biosensor, RseC, RsxABCDGE complex, transhydrogenases PntAB and SthA

codon-specific mutant libraries (Binder et al., 2012; Binder, Siedler,
Marienhagen, Bott, & Eggeling, 2013; Schendzielorz et al., 2014) or

Genetically encoded biosensors based on transcriptional regulators
(TRs) and using fluorescent proteins as reporters are highly use-
ful tools for monitoring physiological responses at the single-cell
level and for enabling high-throughput screening in strain and en-
zyme development (Dietrich, McKee, & Keasling, 2010; Eggeling,
Bott, & Marienhagen, 2015; Mahr & Frunzke, 2016; Rogers, Taylor,
& Church, 2016). In recent years, we developed TR-based biosen-
sors for amino acids and used them, for example, to identify novel
mutations for overproduction of t-lysine, t-arginine, and L-histi-

dine by FACS-based screening of genome-wide, gene-specific, and

for increasing L-valine production by adaptive laboratory evolution
(Mabhr etal., 2015).

Besides the sensors for amino acids, we also established a
TR-based biosensor responding to the intracellular availability of
NADPH (Siedler et al., 2014). It is based on the SoxRS regulatory
system of Escherichia coli, which governs the expression of oxidative
stress response genes by a regulatory cascade, in which synthesis
of SoxS depends on transcriptional activation of soxS expression
by SoxR (Greenberg, Monach, Chou, Josephy, & Demple, 1990;
Tsaneva & Weiss, 1990). In the genome, the soxR gene is located

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any

provided the original work is properly cited.
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divergently to the soxS gene. Whereas initial studies indicated that
the promoter of soxR is located within the soxS coding region (Wu
& Weiss, 1991), a subsequent analysis revealed that the promoters
of the two genes overlap (Hidalgo, Leautaud, & Demple, 1998). The
transcription factor SoxR is a homodimer with each subunit contain-
ing an [2Fe-2S] cluster (Hidalgo & Demple, 1994; Watanabe, Kita,
Kobayashi, & Miki, 2008). SoxR activity is controlled by a change
of the redox state of its [2Fe-2S] clusters, which is associated with
conformational changes: only in the oxidized [2Fe-25]2* state, but
not in the reduced [2Fe-2S]" state, SoxR activates soxS expression
(Ding, Hidalgo, & Demple, 1996; Gaudu & Weiss, 1996). SoxR binds
to its target site, which is located between the -10 and -35 regions
of the soxS promoter and downstream of the —10 region of the soxR
promoter, both in the oxidized and in the reduced state with high
affinity (Gaudu & Weiss, 1996; Hidalgo & Demple, 1994). Besides
activating soxS expression in the oxidized state, SoxR simultaneously
represses expression of its own gene, both in the oxidized and the
reduced state (Hidalgo et al., 1998). SoxR was previously considered
to activate expression of soxS only, but recent studies uncovered
further direct SoxR target genes (Seo, Kim, Szubin, & Palsson, 2015).

SoxS functions as a transcriptional activator of genes, many but
not all of which are responsible for coping with damage caused by
oxygen radicals, such as sodA for superoxide dismutase, zwf for the
NADPH-generating glucose 6-phosphate dehydrogenase, or fumC
for fumarase C (Blanchard, Wholey, Conlon, & Pomposiello, 2007;
Seo et al., 2015). It has been shown that the intrinsic instability of
SoxS (ty, ~2 min) and the degradation of SoxS, primarily through
the Lon protease, are responsible for the rapid return of the SoxRS
system to the inactive state when the stimuli activating the system
are no longer present (Griffith, Shah, & Wolf, 2004).

Current evidence indicates that there are multiple ways how
the conversion of inactive, reduced SoxR into active, oxidized SoxR
can be triggered. These include direct oxidation of SoxR by super-
oxide (Fujikawa, Kobayashi, & Kozawa, 2012; Liochev & Fridovich,
2011) and by redox-cycling drugs (Gu & Imlay, 2011), nitrosylation of
SoxR (Ding & Demple, 2000), and conditions leading to a diminished
NADPH/NADP" ratio within cells (Krapp, Humbert, & Carrillo, 2011;
Liochev & Fridovich, 1992). The responsiveness to the NADPH
availability is presumably due to the fact that SoxR is subject to
permanent autoxidation under aerobic conditions, but is kept in the
reduced state by NADPH-dependent reductases (Koo et al., 2003).

In a previous study, we made use of the NADPH-responsive-
ness of the SoxRS system to construct the biosensor pSenSox, in
which the SoxR-activated soxS promoter controls expression of the
eyfp gene, allowing detection of SoxR activation at the single-cell
level (Siedler et al., 2014). Using the reduction of methyl acetoace-
tate (MAA) to (R)-methyl 3-hydroxybutyrate (MHB) by the strictly
NADPH-dependent alcohol dehydrogenase of Lactobacillus brevis
(LbAdh) as model reaction, we could show that the specific eYFP flu-
orescence of E. coli cells correlated not only with the MAA concen-
tration added to the cells, but also with the specific LbAdh activity
when a fixed MAA concentration was provided. The latter property
enabled high-throughput screening of an LbAdh mutant library by
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fluorescence-activated cell sorting (FACS) for variants with im-
proved activity for the alternative substrate 4-methyl-2-pentanone
(Siedler et al., 2014).

In this study, we employed pSenSox to test various conditions,
including growth media, redox-cycling drugs, mutants lacking SoxR
reductases, and mutants lacking transhydrogenases for their influ-
ence on SoxR activity.

2 | RESULTS AND DISCUSSION
2.1 | Influence of different media on the NADPH
biosensor response

To test the influence of different media on the response of the pSen-
Sox-based NADPH biosensor, the biotransformation of MAA to
MHB, catalyzed by the NADPH-dependent LbAdh, was performed
in three complex media (TB, 2xTY, or LB) and in a defined minimal
medium (M9) with glucose as carbon source using the experimental
setup shown in Figure 1 and as described in the methods section.
The experiments with the different media, including control cultures
in which MAA was omitted or in which pSenNeg, encoding a de-
fective LbAdh, was used, are shown in Figure 2. MAA itself had a
negative influence on growth, even in the absence of LbAdh, and this
negative influence was further enhanced in the presence of LbAdh
activity, when MAA was reduced to MHB with NADPH as reduct-
ant. Regarding the response of the SoxRS-based NADPH biosensor,
the experiments shown in Figure 2 confirmed that expression of the
eyfp gene is dependent on the biotransformation of MAA to MHB
by the LbAdh. In the absence of either MAA or LbAdh activity, eYFP
synthesis was not induced.

When comparing the different media, it became obvious that TB
allowed by far the best growth, followed by 2xTY and LB medium, in
which the cells grew comparably, and M9 glucose medium, in which
almost no growth occurred (Figure A1). When comparing the differ-
ent media with respect to eYFP synthesis, the highest fluorescence
after 24 hr was obtained in 2xTY medium and LB medium, whereas
it was much lower and comparable for TB and M9-glucose medium
(Figure A1). The almost complete lack of growth in M9-glucose was
due to the biotransformation of MAA to MHB, as growth was ob-
served in the absence of MAA or of LbAdh activity (Figure 2). In this
medium, cells have to synthesize all cellular components, in particular
amino acids, from glucose, whereas in the other media the presence
of yeast extract and tryptone provides amino acids and other cellular
components that do not need to be synthesized by the cell but can
be imported from the medium. Nevertheless, also in these media the
NADPH-dependent reduction of MAA to MHB had a strong nega-
tive effect on growth, presumably due to a lack of NADPH for bio-
synthetic purposes. An interesting case is TB medium. Although this
medium allowed the best growth, the biosensor response was much
lower compared to 2xTY or LB and similar to that in M9-glucose me-
dium. Besides a higher concentration of yeast extract and phosphate
buffering, the major difference of TB medium to 2xTY and LB is the
presence of glycerol as additional carbon source.
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FIGURE 1 (a) NADPH-dependent reduction of MAA to MHB by the LbAdh. (b) Experimental setup used in this work to study the
responses of the SoxR-based NADPH biosensor encoded by plasmid pSenSox during whole-cell biotransformation of MAA to MHB. (1)
Escherichia coli BL21(DES3) carrying pSenSox was cultivated in shake flasks with a starting OD, of 0.05. (2) If desired, IPTG was added to
the cultures at an OD o between 0.6 and 0.8. In the absence of IPTG, basal expression of the Lbadh gene by the tac promoter is sufficient
for LbAdh synthesis and biotransformation of MAA to MHB. However, IPTG can be added to maximize Lbadh expression. (3) To ensure that
enough biomass is formed for the biotransformation, the cultures were grown for at least 5 hr until an OD,, of 5 or higher was reached.
(4) For the biotransformation, 800 pl of the culture with an 0Dy, adjusted to 5 were transferred into a Flowerplate (m2p-labs, Baesweiler,
Germany) and the biotransformation was started by the addition of 100 pl MAA at the desired concentration to these cultures. To study
the effect of redox-cycling drugs, either 100 pl paraquat or 100 pl menadione were added to the cultures at the desired concentration.

(5) The change in eYFP fluorescence and biomass was monitored for around 24 hr with a BioLector microcultivation system that enables
online recording of eYFP fluorescence (excitation at 485 nm, emission at 520 nm) and biomass gain (change in cell density measured as
backscattered light at 620 nm (Kensy, Zang, Faulhammer, Tan, & Biichs, 2009). The specific fluorescence over the time course of 24 hr
corresponds to the ratio of absolute fluorescence/backscatter

In conclusion, media without a separately added carbohydrate
as carbon source, such as 2xTY and LB, led to a higher biosensor
response than media containing an added carbohydrate, such as
M9-glucose or TB, which contains 4 ml/L glycerol. This is probably Paraquat (1,1'-dimethyl-4,4'-bipyridinium dichloride) and mena-
due to a higher NADPH availability by carbohydrate catabolism. M9 dione (2-methyl-1,4-naphthoquinone) have been reported to in-
glucose medium can in principle be used to monitor the SoxR-based duce the soxRS regulon in E. coli (Greenberg et al., 1990; Seo et al.,

2.2 | Influence of redox-cycling drugs on the
NADPH biosensor response

NADPH biosensor response, which can be necessary or advan- 2015; Wu & Weiss, 1991). We therefore monitored the response
tageous for experiments in which components of yeast extract or of E. coli BL21(DE3)/pSenSox to different paraquat concentra-
tryptone are disturbing. Overall, the strongest biosensor signal was tions (0, 1, 5 puM) and different menadione concentrations (0, 5,
observed in 2xTY medium, which was therefore chosen for the fol- 10 pM) using the experimental setup shown in Figure 1, except
lowing experiments. that paraquat and menadione were added instead of MAA. At the
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concentrations used, both compounds had only minor effects on
growth (data not shown), but clearly triggered a concentration-
dependent activation of the SoxRS-based biosensor response
(Figure 3). These results confirm the strong responsiveness of the
SoxRS system to paraquat and menadione. Higher concentrations
of paraquat (0.01, 0.1, 1, 5, 10 mM) and menadione (15, 20, 25,
50 uM) were tested, but did not lead to further increased fluores-
cence (data not shown). Addition of up to 5 mM H,0, did not elicit
a SoxR response (data not shown).

Time (hr)

measured in 2xYT medium, which were
setas 1.0

Paraquat and menadione are redox-cycling drugs, which medi-
ate the transfer of electrons from NADPH to oxygen, leading to the
continuous generation of superoxide (Kappus & Sies, 1981). Several
possibilities exist how redox-cycling drugs activate the SoxRS re-
sponse: (a) the superoxide radical has been shown to directly oxi-
dize the [2Fe-25] cluster of SoxR (Fujikawa et al., 2012), thus forming
active SoxR; (b) the redox-cycling drug might directly interact with
reduced SoxR and oxidize it, leading to active SoxR (Gu & Imlay,
2011); (c) the reduction of the redox-cycling agent by NADPH might

Specific fluorescence (a.u.)

Specific fluorescence (a.u.)

0 5 10 15 20 25
Time (hr)

FIGURE 3

Time (hr)

Influence of different concentrations of the redox-cycling drugs paraquat (PQ) and menadione (MD) on the NADPH biosensor

response using Escherichia coli/pSenSox. The changes in fluorescence were followed after the addition of either PQ (a) or MD (b) over a time
period of 24 hr. The experimental setup shown in Figure 1 was used for all cultivations in 2xTY medium containing 100 pg/ml carbenicillin.
No MAA was added in these experiments. Mean values and standard deviations of three independent biological replicates are shown
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lead to a decreased NADPH/NADP” ratio, thereby interfering with
the NADPH-dependent reduction of SoxR and causing an increased
level of oxidized, active SoxR; (d) the redox-cycling drugs might be
directly reduced by the SoxR-reducing system(s) of the cell, thereby
inhibiting SoxR reduction and causing increased levels of oxidized
active SoxR. It is possible that several of these mechanisms contrib-
ute to the activation of SoxR by paraquat and menadione.

2.3 | Influence of rseC and rsxABCDGE deletion
on the NADPH biosensor response

By screening an E. coli mutant library, mutations in the rseC gene and
in the rsxABCDGE operon were found to cause constitutive expres-
sionofa P, ¢
et al., 2003). Further studies led to the conclusion that the mem-

-lacZ reporter gene in a SoxR-dependent manner (Koo

brane-integral RsxABCDGE complex and the membrane protein
RseC constitute a SoxR-reducing system (Koo et al., 2003). The state-
ment that purified RsxC exhibits NADPH-dependent cytochrome ¢
reduction activity (Koo et al., 2003) suggests that NADPH serves
as electron donor of the Rsx complex. To test the influence of this
reducing system on the NADPH biosensor response, we constructed
deletion mutants of E. coli BL21(DE3) lacking either rseC (ArseC), or
rsxABCDGE (Arsx), or all of these genes (ArseCArsx).

When monitoring the growth behavior of the deletion mutants
and the parental strain in shake flask experiments with 2xTY medium,
all strains exhibited the same growth behavior, showing that under
these conditions RseC and the Rsx complex are dispensable (Figure
A2). The influence of ArseC, Arsx, and ArseCArsx mutations on the
NADPH biosensor signal was analyzed according to the standard ex-
perimental setup shown in Figure 1 with 30 mM MAA as substrate
for the NADPH-dependent LbAdh. As shown in Figure 4, all deletion
mutants showed an increased fluorescence signal compared to the
parental strain, with the strongest response in the ArseC mutant, fol-
lowed by the ArseCArsx mutant and the Arsx mutant.

MicrobiologyOpen

To confirm that the observed effects were due to the gene
deletions, plasmids pACYC-rseC, pACYC-rsx, and pACYC-rseC-rsx
were constructed and transferred into the corresponding deletion
mutants. The parent vector pACYCDuet-1 served as control. Basal
expression of rseC and/or rsxABCDGE in the respective deletion
mutants without addition of IPTG resulted in decreased biosensor
signals compared to the ones obtained in the mutants carrying the
control plasmid pACYCDuet-1, but the response was still higher than
in the parental strain (Figure A3). Although complementation was
only partial, which could be due to an inadequate expression level of
the plasmid-encoded genes, it confirmed that the rseC and rsx dele-
tions were responsible for the increased biosensor response.

The results described above are in agreement with previous
data showing a function of RsxABCDGE and RseC in SoxR reduc-
tion (Koo et al., 2003). An interesting observation made by Koo and
coworkers and by us was that the deletion of both rseC and the rsx
cluster had no additive effect and expression of the reporter gene
was even somewhat lower in the ArseCArsx mutant than in the
ArseC single mutant. This indicates that the Rsx complex and RseC
do not function independently to reduce SoxR, but work together,
as proposed previously (Koo et al., 2003). The RsxABCDGE com-
plex belongs to the family of Rnf complexes, enzymes that drive the
-420 mV) with NAD(P)H
-320 mV) by the proton- or sodium-motive force via import

endergonic reduction of ferredoxin (EO‘
(=%
of H" or Na*, or, in the reverse reaction, the exergonic reduction of

NAD(P)* with reduced ferredoxin coupled to the export of H* or Na*
(Biegel, Schmidt, Gonzalez, & Miiller, 2011). The redox potential of
SoxR in its DNA-free and its DNA-bound state was reported to be
-293 and -320 mV (Kobayashi, Fujikawa, & Kozawa, 2015), respec-
tively, thatis, in the same range as the one of NAD(P)H. Consumption
of proton- or sodium-motive force via the Rsx complex to drive re-
duction of SoxR by NADPH allows the cell to keep most SoxR in
the reduced state in the absence of inducing conditions. In fact, it
was reported that in wild-type cells overproducing SoxR almost all
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of the protein was present in the reduced state, but in rsxC and rseC
mutants only about 60% and 56% (Koo et al., 2003). The final steps
of electron transfer to SoxR are unknown at present. In the Rnf com-
plexes, RnfB is suggested as electron donor for ferredoxin (Biegel et
al., 2011). Therefore, the homologous RsxB protein could serve to
reduce SoxR, or alternatively, RseC might transfer electrons from
RsxB to SoxR, as a conserved cysteine motif in the N-terminal region
of RseC could be part of an iron-sulfur cluster. Further studies are
required to solve this issue. The observation that in rsxC and rseC
mutants still about 60% and 56% of SoxR was in the reduced state
(Koo et al., 2003) suggests that further enzymes for SoxR reduction
exist, which need to be identified.

We also tested the response of the rsx and rseC mutants in the
presence of 5 uM paraquat instead of MAA. Although the parental
strain already showed a strong response to paraquat, that of the mu-
tants was still further increased. Again, the ArseC mutant showed
the highest specific fluorescence followed by the ArseCArsx mutant
and the ArsxABCDGE mutant (Figure 4c,d). The observation that
paraquat and rsx and/or rseC deletion showed an additive effect on
the biosensor response confirms that a fraction of SoxR must still
be in the reduced state in the mutants and suggests that paraquat-
based activation of SoxR is not due to interference with SoxR reduc-

tion by the Rsx/RseC system.

2.4 | Influence of the transhydrogenase deletions
ApntAB, AsthA, and AsthAApntAB on the NADPH
biosensor response

Transhydrogenases catalyze the reversible interconversion of
NADH and NADPH. E. coli possesses two transhydrogenases, the
membrane-bound, proton-translocating transhydrogenase PntAB
and the soluble, energy-independent transhydrogenase SthA (also
called UdhA; Sauer, Canonaco, Heri, Perrenoud, & Fischer, 2004).
Due to the relevance of transhydrogenases in the regulation of cel-
lular NADPH levels, we studied the influence of these enzymes on
the NADPH biosensor response by constructing deletion mutants of
E. coli BL21(DE3) lacking either sthA, or pntAB, or both.

The growth behavior of the transhydrogenase mutants was
tested in shake flask experiments using 2xTY medium. Whereas
the ApntAB mutant grew like the parental strain, the AsthA mutant
and the AsthAApntAB double mutant showed a growth defect that
became apparent during the exponential growth phase (Figure A4).
Presumably, an excess of NADPH is formed in this growth phase,

which cannot be readily diminished in the absence of SthA. The de-
fect could be largely abolished by plasmid-based expression of sthA
(Figure A5), confirming that it was caused by the sthA deletion.

The influence of SthA and PntAB on the NADPH biosensor signal
was analyzed according to the standard experimental setup shownin
Figure 1 with 30 mM MAA as substrate for the NADPH-dependent
LbAdh. Whereas the ApntAB mutant displayed a slightly increased
biosensor signal, it was decreased by more than 60% in the AsthA
mutant and also in the AsthAApntAB double mutant (Figure 5). The
latter result showed that the sthA deletion was dominant over the
pntAB deletion.

To confirm that the observed effects were due to the gene
deletions, plasmids pACYC-pntAB and pACYC-sthA were con-
structed and transferred into the corresponding deletion mutants.
The parent vector pACYCDuet-1 served as control. Plasmid-based
expression of pntAB in the ApntAB mutant completely prevented
the increase in the biosensor signal and even reduced it to a small
extent. Vice versa, plasmid-based expression of sthA in the AsthA
mutant completely prevented the decrease in the sensor response
and even increased it (Figure A5). The presence of a second plas-
mid reduced the differences in the biosensor signal between the
AsthA mutant and the parent strain, which might be due to a
negative effect on the copy number of pSenSox and thus LbAdh
activity.

The results obtained with the ApntAB mutant indicate that,
under the conditions used, PntAB catalyzes NADP* reduction by
NADH, leading to an increased NADPH availability. Absence of
pntAB therefore results in a lowered NADPH availability and thus
an increased biosensor signal. This conclusion is in agreement
with previous studies showing that PntAB is involved in NADPH
formation in E. coli (Sauer et al., 2004) and that overexpression of
pntAB enhanced conversion of acetophenone to (R)-phenylethanol
by the NADPH-dependent alcohol dehydrogenase of Lactobacillus
kefir (Weckbecker & Hummel, 2004) and improved the biosynthe-
sis of 3-hydroxypropionic acid from its precursor malonyl-CoA by
an NADPH-dependent malonyl-CoA reductase (Rathnasingh et al.,
2012). Moreover, heterologous overexpression of the E. coli pntAB
genes in Corynebacterium glutamicum was shown to enhance pro-
duction of -lysine, whose biosynthesis is strongly NADPH-depen-
dent (Kabus, Georgi, Wendisch, & Bott, 2007).

In contrast to PntAB, our results obtained with the AsthA mutant
indicate that under the conditions employed SthA catalyzes NADPH
oxidation. Absence of sthA thus results in an increased NADPH

(b)
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availability, which is reflected by a decreased biosensor signal. These
data are in agreement with previous studies showing that SthA is re-
quired under conditions leading to excess NADPH formation (Sauer
et al.,, 2004). The observation that pntAB deletion in the AsthA mu-
tant did not reverse the decrease in the biosensor signal suggests
that SthA activity is much higher than PntAB activity, which can be
expected based on the fact that PntAB catalyzes a reaction coupled
to proton transfer across the membrane. In conclusion, our data con-
firm that PntAB and SthA play important and opposite functions for
NADPH availability in E. coli.

TABLE 1 Bacterial strains and plasmids used in this study

_Wl LEYm

MicrobiologyOpen

2.5 | Concluding remarks

In this study, we employed the NADPH biosensor pSenSox to study
various processes expected to influence the NADPH availability in
E. coli. We could confirm that the lack of rsxABCDGE and rseC acti-
vated the pSenSox-based response. Paraquat and the Arsx/ArseC de-
letion had an additive effect on the sensor response, indicating that
further SoxR-reducing systems exist besides Rsx/RseC and that the
paraquat-induced response is presumably not due to interference of
paraquat with SoxR reduction by Rsx/RseC. The transhydrogenases

Strain or plasmid

Escherichia coli
NEB5«

BL21(DE3)
BL21(DE3)ArseC

BL21(DE3)Arsx

BL21(DE3)ArseCArsx

BL21(DE3)AsthA

BL21(DE3)ApntAB

BL21(DE3)AsthAApntAB

Plasmids

pSenSox

pSenNeg

psiis

pKD4

pACYCDuet-1

PACYC-rseC

PACYC-rsx

pPACYC-rseC-rsx

pACYC-sthA

pACYC-pntAB

pACYC-sthA-pntAB

Relevant characteristics

fhuA2 AfargF-lacZ)U169 phoA ginV44 ®80A (lacZ)M15 gyrA96 recAl
relA1 endA1 thi-1 hsdR17; strain used for general cloning procedures

F- ompT hsdSg (rg-, mg-) gal dem (DE3); parent strain used in this study

Derivative of BL21(DE3) with an in-frame deletion of rseC, locus-tag
ECD_02464

Derivative of BL21(DE3) with an in-frame deletion of rsxABCDGE,
locus-tag ECD_01597-ECD_01602

Derivative of BL21(DE3) with an in-frame deletion of rseC and
rsxABCDGE, locus-tags ECD_02464, and ECD_01597 - ECD_01602

Derivative of BL21(DE3) with an in-frame deletion of AsthA, locus-tag
ECD_03847

Derivative of BL21(DE3) with an in-frame deletion of ApntAB,
locus-tags ECD_01571 and ECD_01572

Derivative of BL21(DE3) with an in-frame deletion of AsthA and
ApntAB), locus-tags ECD_03847, ECD_01571 and ECD_01572

AmpR; pBtac-Lbadh derivative containing the soxRS-based NADPH
biosensor and the Lactobacillus brevis adh gene under control of the
tac promoter

AmpR; pSenSox derivative with an incomplete Lbadh gene preventing
synthesis of an active LbAdh

AmpR; lambda Red-mediated gene replacement vector expressing
lambda Red recombinase and flippase recombinase genes (pKD46,
rhaRS-prha-FLP, amp)

Kan®; template plasmid for FRT-flanked kan cassette needed for
lambda Red-mediated gene replacement

CmR; vector for the coexpression of two target genes, each under the
control of a separate T7 promoter and associated ribosomal binding
site (p15A oriV,, 2(P,), lacl

Cm®; pACYCDuet-1-derivative for expression of rseC under the control
of the T7 promoter

Cm®; pACYCDuet-1-derivative for expression of rsxABCDGE under the
control of the T7 promoter

CmR; pACYCDuet-1-derivative for expression of rseC and rsxABCDGE
under the control of the T7 promoter

CmR; pACYCDuet-1-derivative for expression of sthA under the control
of the T7 promoter

CmR: pACYCDuet-1-derivative for expression of pntAB under the
control of the T7 promoter

Cm®; pACYCDuet-1-derivative for expression of sthA and pntAB under
the control of the T7 promoter

29

Source or reference

New England Biolabs

Studier and Moffatt (1986)
This study

This study

This study

This study

This study

This study

Siedler et al. (2014)

Siedler et al. (2014)

Addgene; Jensen et al. (2015)

Addgene; Datsenko and Wanner

(2000)

Merck Millipore

This study

This study

This study

This study

This study

This study
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PntAB and SthA had opposite effects on the biosensor response, in
agreement with PntAB being involved in NADP* reduction and SthA
catalyzing NADPH oxidation. In conclusion, the pSenSox-based
NADPH biosensor is a useful tool not only for HT-screening of the
activity of NADPH-dependent alcohol dehydrogenases (Siedler et
al., 2014), but also for analyzing conditions and proteins influencing
NADPH availability or SoxR reduction. Recently, another NADPH
biosensor was described, which is based on the specific oxygen-in-
dependent amplification of the intrinsic fluorescence of NADPH by
the mBFP protein (Hwang, Choi, Han, & Kim, 2012). The mBFP pro-
tein was shown to be well suited to study the dynamics of intracel-
lular NADPH availability with a resolution of seconds and to allow
the quantitation of NADPH (Goldbeck, Eck, & Seibold, 2018). This
is not possible with the pSenSox NADPH biosensor, which requires
transcription, translation, and oxygen-dependent maturation of
eYFP. However, pSenSox allows to preserve changed NADPH levels
as a stable fluorescence signal, which is a prerequisite, for example,
for FACS-based screening of mutant libraries of NADPH-dependent
enzymes, and it allows to specifically analyze the effects of enzymes
that are involved in SoxR reduction or oxidation, which is presum-
ably not possible with the mBFP sensor. Thus, mBFP and pSenSox
represent two different types of NADPH biosensors, which both

have their specific advantages and application fields.

3 | MATERIALS AND METHODS
3.1 | Bacterial strains, plasmids, and growth
conditions

All strains and plasmids used in this work are listed in Table 1. E. coli
BL21(DE3) (Invitrogen, Karlsruhe, Germany) and its derivatives were
used for all studies with the NADPH biosensor. E. coli NEB5« was
employed for cloning purposes. Transformation of E. coli cells was
performed as described (Hanahan, 1983). Cells were cultivated at
30°C or 37°C in lysogeny broth (LB; Miller, 1972), in 2xTY (16 g/L
tryptone, 10 g/L yeast extract, 5 g/L sodium chloride), in M mineral
medium (33.7 mM Na,HPO, x 2H,0, 22.0 mM KH,PO,, 8.55 mM
NaCl, 9.35 mM NH,Cl, 1 mM MgSO,, x 7H,0, 0.3 mM CaCl,, 1 ug/
ml biotin, 1 pg/ml thiamin, trace elements) supplemented with 0.4%
(w/v) glucose (Sambrook & Russell, 2001), or in terrific broth (TB) me-
dium (12 g/L tryptone, 24 g/L yeast extract, 4 ml glycerol, 12.54 g/L
K,HPO,, 2.31 g/L KH,PO,; pH 7.0). Plasmids were selected by add-
ing antibiotics to the medium to a final concentration of 100 pg/ml
carbenicillin, 34 ug/ml chloramphenicol, or 50 pg/ml kanamycin.

3.2 | Recombinant DNA work and construction of
deletion mutants

Standard methods such as PCR and DNA restriction enzyme di-
gestion were carried out according to established protocols
(Sambrook & Russell, 2001). Oligonucleotides were synthesized
by Eurofins Genomics (Ebersberg, Germany) and are listed in Table
A1, Construction of pACYC-rseC, pACYC-rsx, pACYC-rseC-rsx,
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pACYC-sthA, and pACYC-pntAB was performed by Gibson as-
sembly (Gibson et al., 2009). All plasmids were sequenced by
Eurofins Genomics, Ebersberg, Germany. The construction of E.
coli deletion mutants was performed with the lambda Red recom-
binase method (Datsenko & Wanner, 2000) using a recent protocol
(Jensen, Lennen, Herrgard, & Nielsen, 2015). For the markerless
deletion of genes, the arabinose-inducible lambda Red recom-
bineering genes (exo, bet, and gam) and the rhamnose-inducible
flippase (FLP) recombinase were introduced into E. coli BL21(DE3)
using the temperature-sensitive plasmid pSIJ8 (Jensen et al.,
2015). The FRT-flanked kanamycin cassette, which was integrated
into the E. coli genome at the locus of the gene to be deleted, was
encoded by plasmid pKD4. For amplification of the FRT-flanked
kanamycin cassette of pKD4, oligonucleotides that carried homol-
ogy regions to the up- and downstream regions of the genes to
be deleted were used. All gene deletions were verified by colony
PCR using DreamTaq Master Mix 2X (Thermo Scientific, Schwerte,
Germany) and the oligonucleotides listed in Table Al.

3.3 | Monitoring the NADPH biosensor response

The NADPH biosensor response during the whole-cell biotransfor-
mation of MAA to MHB by the strictly NADPH-dependent LbAdh
was measured as described (Siedler et al., 2014). The specific fluo-
rescence is defined as the ratio of fluorescence and backscatter. The
biotransformations were performed with E. coli BL21(DE3) and its
derivatives, such as deletion mutants lacking the genes coding for
the SoxR-reducing system or transhydrogenases, and mutant strains
carrying expression plasmids for the deleted genes. The E. coli
BL21(DE3) cells were transformed either with plasmid pSenSox car-
rying the SoxR-based NADPH biosensor and an intact LbAdh gene or
with plasmid pSenNeg, in which a part of the Lbadh gene was deleted
to prevent synthesis of an active LbAdh (Siedler et al., 2014).

The experimental setup used for the biotransformation ex-
periments is shown in Figure 1. Pre-cultures of three biological
replicates of the desired strains were incubated overnight at 37°C
and 130 rpm in 5 ml medium containing the appropriate antibiot-
ic(s) as selection marker(s). These pre-cultures were used for the
inoculation of the main cultures to an optical density at 600 nm
(OD600) of 0.05. The main cultures were grown in 50 ml medium in
the presence of the appropriate antibiotics at 37°C and 130 rpm
using 500 ml shake flasks. For complementation experiments, the
cells were incubated at 30°C. Basal expression of Lbadh by the
non-induced tac promoter allowed for sufficient LbAdh activity
in the biotransformation experiments (Siedler et al., 2014). When
a higher LbAdh activity was required, IPTG was added to a final
concentration of 0.1 mM when the cultures had reached an OD
between 0.6-0.8. To ensure that enough biomass is present for
the biotransformation, the cultures were further incubated for at
least 5 hr, until an OD600 of 5 or higher was reached. Then the
cells were harvested by centrifugation (4°C, 4,713 g and 15 min)
and resuspended in fresh medium supplemented with the corre-
sponding antibiotic to a final OD,y, of 5. About 800 ul of these
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suspensions were transferred into 48-well microtiter Flowerplates
(m2p-labs, Baesweiler, Germany). When analyzing the biosensor
response under conditions of reductive biotransformation, 100 pl
MAA dissolved in ddH,0 at the desired concentration was added
to the 800 pl cultures or 100 pl ddH,0 as negative control. To
study the effect of redox-cycling drugs and hydrogen peroxide on
the biosensor response, the following additions were made to the
800 i cultures in the Flowerplates: (a) 100 pl paraquat (1,1"-di-
methyl-4,4'-bipyridinium dichloride; Sigma-Aldrich) dissolved in
ddH,O to final concentrations of 1 and 5 uM; (b) 100 pl mena-
dione (2-methyl-1,4-naphthoquinone; Sigma-Aldrich) dissolved in
DMSO to final concentrations of 5 and 10 uM; (c) 100 ul H,0, to
final concentrations of 0.05 or 5 mM. For the negative controls,
100 ul ddH,0 or 100 ul DMSO was added.

After the desired additions, the Flowerplates were incubated in a
BioLector microcultivation system (m2p-laps; Baesweiler, Germany)
at 30°Cand 1,200 rpm (shaking diameter 3 mm), which allows online
monitoring of cell density (as backscattered light at 620 nm) and of
eYFP fluorescence (excitation wavelength 485 nm, emission wave-
length of 520 nm). For the different experiments, the values were
normalized to the maximal backscatter and the maximal specific flu-
orescence observed, which were set as 1.0.
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APPENDIX A

TABLE A1 Oligonucleotides used in this study

Oligonucleotide

Sequence (5'—3') and properties

Oligonucleotides used for the construction of deletion mutants with the lambda recombination system with 5'-parts corresponding to the
upstream or downstream region of the gene(s) to be deleted (shown in bold) and 3'-parts corresponding to the FRT-flanked kanamycin cassette

of plasmid pKD4.

rseC fw

rseCrv

rsxABCDGE fw

rsxABCDGE rev

pntAB fw

pntAB rv

sthA fw

sthArv

GAAATGTTCATACCGTATGGATTGTGGTATCTGGAAACGTCCTCGCATTTG
TTATGCAAAATGCAACAAAGCCAGTGAAA GTGTAGGCTGGAGCTGCTTC
GCCGAAATCACCATTGTCGGTGAACTGCCGCCGCAAACGGCGAAACGCA
TTGCCGAGAATATTAAGTTCGGGGCAGCGCA ATGGGAATTAGCCATGGTCC
GTAATAACCTTACAGTTAACCTGTTGTCGCCTGCTCTGGATTAACGGATAAT
AGGCGGCTTTTTTATTTCAGGCCGAAAA GTGTAGGCTGGAGCTGCTTC
TCAAAAGGCGAACTGAAATTAAGCTCGGTGGTGGGATGAGGATTGTTCTCA
CGCAGGCGAGTGAGGATCTCCAGGCGTTTATGGGAATTAGCCATGGTCC
ATTTAGCTCGTACATGAGCAGCTTGTGTGGCTCCTGACACAGGCAAACCAT
CATCAATAAAACCGATGGAAGGGAATATCGTGTAGGCTGGAGCTGCTTC
AAACAGCGGGAGGTCAAAGCATCGCCGTTCTGTTAAGCGATCTCAATAAA
GAGTGACGGCCTCAGCAGAGGCCGTCAGGGATGGGAATTAGCCATGGTCC
TGACGGGGATCAATTGGCTTACCCGCGATAAAATGTTACCATTCTGTTG
CTTTTATGTATAAGAACAGGTAAGCCCTACCGTGTAGGCTGGAGCTGCTTC

CTGGCTCACCGCTGCGCAGCCGCTATGAGCAGCTGGCAGAGGCCATC
CGCGCAAGAATGGATGGCCATTTCGATAAAGTTATGGGAATTAGC
CATGGTCC

Oligonucleotides used for cloning of genes into pACYCDuet-1 with overlapping regions required for Gibson assembly shown in bold.

rseC-pACYC fw
rseC-pACYC rv
rsxABC-pACYC-fw
rsxABC-rsxDGE rev
rsxDGE-rsxABC fw
rsxDGE-pACYC rev

CTTTAATAAGGAGATATACATGATCAAAGAGTGGGCTACC
CATTATGCGGCCGCATCACTGGCTCGCGTCTTC
GGAGATATACATATGGCAATGACTGACTACCTGTTAC
GAATACCATTTAGTCCTCGTTTACAACC
GAGGACTAAATGGTATTCAGAATAGCTAGC
GCGTGGCCGGCCGATTCAGACATTCCCTGTTTC

Oligonucleotides used for colony-PCRs and sequencing of plasmids

ArseC verification fw

ArseC verification rev

ArsxABCDGE verification fw
ArsxABCDGE verification rv

AsthA verification fw

AsthA verification rv

ApntAB verification fw

ApntAB verification rv

pACYCDuet-1 MCS_1 sequencing fw
pACYCDuet-1 MCS_2 sequencing fw

GACGGTCGGCGTTATAGGTC
GGACGCAGAACCGTCAGTACAAGCG
GTTGGCAACCGCATTGATCG
CCCGGCGCAAATTGAGTACG
TGCTGCGTGAGGTGAAAGTC
AGTCCGCAAGTTCCGCAATG
GCTCAAATGACCGTCTATGC
GATTGCTGGCCTTTGCGCTT
CAGCAGCCATCACCATCATC
CGAAATTAATACGACTCACTATAGG
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FIGURE A1 Influence of different media on the NADPH biosensor response (A) and cell density (B) of Escherichia coli/pSenSox during
biotransformation of 70 mM MAA to MHB. The strain was cultivated in either M9 mineral medium with 0.4% (w/v) glucose, or in LB medium,
or in 2xTY medium, or in TB medium. The experimental setup shown in Figure 1 was used for all cultivations in one of the media mentioned
above containing 100 pg/ml carbenicillin. Mean values and standard deviations of three independent biological replicates are shown
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FIGURE A4 Growth (OD,,) of the transhydrogenase mutants ApntAB, AsthA, and AsthAApntAB compared to the parental strain
Escherichia coli BL21(DE3) (A) and complementation of the AsthA and AsthAApntAB strains (B). The strains were cultivated at 30°C and

130 rpm in 500 ml shake flasks with 50 ml of 2xTY medium. Complementation studies were performed in the presence of 0.1 mM IPTG and
34 pg/ml chloramphenicol. Mean values and standard deviations of three independent biological replicates are shown
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Abstract

Alcohol dehydrogenases (ADHs) are used in reductive biotransformations for the production
of valuable chiral alcohols. In this study, we used a high-throughput screening approach based
on the NADPH biosensor pSenSox and fluorescence-activated cell sorting (FACS) to search for
variants of the NADPH-dependent ADH of Lactobacillus brevis (LbADH) with improved activity
for the reduction of 2,5-hexanedione to (2R,5R)-hexanediol. In a library of approx. 1.4x108
clones created by random mutagenesis we identified the variant LbADH""2E, Kinetic analysis
of the purified enzyme revealed that LbADH**E had a ~16% higher affinity and a 17% higher
activity for 2,5-hexanedione compared to the wild-type LbADH. Similar improvements were
also observed for the alternative substrates acetophenone, acetylpyridine, 2-hexanone, 4-
hydroxy-2-butanone, and methyl acetoacetate. K71 is not an active site residue but is located
solvent-exposed on the surface of LbADH and therefore is not an obvious target for rational
protein engineering. The study demonstrates that high-throughput screening using the
NADPH biosensor pSenSox represents a powerful method to find unexpected beneficial

mutations in NADPH-dependent enzymes.
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Introduction

Chiral alcohols with high enantiomeric purity are important intermediates for the synthesis of
optically active fine chemicals that are used for example to produce pharmaceuticals and
agrochemicals (Ager et al., 1996; Liese et al., 2006; Breuer et al., 2004). Alcohol
dehydrogenases (ADHs) are used for the synthesis of chiral alcohols under very mild reaction
conditions due to their high catalytic efficiency and selectivity (Hall and Bommarius, 2011;
Zheng et al., 2017). A prominent example is the NADPH-dependent ADH from Lactobacillus
brevis (LbADH), which catalyzes the enantioselective reduction of prochiral ketones to the
corresponding, mostly (R)-configured secondary alcohols (Hummel, 1999; Rodriguez et al.,
2014). LbADH is an attractive candidate for biotransformations because it is a robust and
versatile biocatalyst with high regio- and stereoselectivity, a broad substrate range, and the
ability to convert sterically demanding substrates (Leuchs and Greiner, 2011). Its preferred in
vitro substrates are prochiral ketones such as acetophenone with almost invariably a small
methyl group as one substituent and a bulky (often aromatic) moiety (such as phenyl) as the
other (Schlieben et al., 2005). The efficiency of substrate conversion by LbADH is influenced
by the substrate size, the steric and electronic effects of the substrate as well as the
thermodynamic stability of the products (Rodriguez et al., 2014). LbADH is active as a
homotetramer with 251 amino acid residues and a molecular mass of 26.6 kDa per subunit
(Riebel, 1997; Niefind et al., 2003). It is a short-chain Mg?*-dependent reductase that uses the
cofactor NADPH as reducing agent. The crystal structure of LbADH has been solved (Niefind et
al., 2003; Schlieben et al., 2005). The non-covalently bound cofactor NADPH is essential for
catalysis and must be recycled efficiently to make the biotransformation economically feasible

(Leuchs and Greiner, 2011; Débber et al., 2018).
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Because of the industrial relevance of ADHs, their improvement for in vivo and in vitro
applications is of high interest, such as the optimization of specificity or catalytic activity or
the broadening of the substrate spectrum (Hall and Bommarius, 2011). The approaches used
for obtaining improved ADH variants, such as directed evolution or rational design, have
recently been reviewed (Zhang et al., 2015). In directed evolution, a large number of variants
of a particular enzyme created by random and/or targeted mutagenesis is screened for the
desired property (Farinas et al., 2001). However, the success of this approach is often
restricted by the lack of an efficient high-throughput (HT)-screening assay. Typically,
screenings of mutant libraries involve dedicated assays for a certain substrate or product,
because the majority of molecules of interest do not lead to an easily observable phenotype
(Bloch, 2006). In the case of ADHs, the consumption or production of NAD(P)H can be
measured or colorimetric assays can be employed (Zhang et al., 2015), but this limits the
number of variants that will be tested in practice to several thousands. Therefore, high-
throughput (HT) screening and selection methods are highly desirable (van Rossum et al.,
2013).

Genetically encoded biosensors based on transcription factors (TFs) controlling the
synthesis of a fluorescent reporter protein are highly useful tools for HT-screening in strain
and enzyme development (Dietrich et al., 2010; Eggeling et al., 2015; Mahr and Frunzke, 2016;
Rogers et al.,, 2016). We previously reported a TF-based NADPH biosensor allowing HT
screening of NADPH-dependent enzymes via fluorescence-activated cell sorting (FACS) of an
Escherichia coli-based mutant library (Siedler et al., 2014). The NADPH biosensor is encoded
by the plasmid pSenSox and consists of the TF SoxR, its target promoter Psos, and the reporter
gene eyfp. The SoxRS system of E. coli triggers the response to oxidative stress (Greenberg et

al., 1990; Tsaneva and Weiss, 1990) and SoxR was found to be activated besides other stimuli
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by a reduction of the NADPH/NADP* ratio in the cell (Liochev and Fridovich, 1992; Krapp et al.,
2011). We recently confirmed that the pSenSox biosensor responds to various NADPH-related
processes in E. coli, such as the presence of redox-cycling drugs, the absence of the SoxR-
reducing proteins RsxABCDGE and RseC, and the absence of the transhydrogenases PntAB
and/or SthA (Spielmann et al., 2018).

E. coli cells carrying pSenSox become fluorescent during NADPH-dependent
biotransformation processes due to a high rate of NADPH consumption. Using the reduction
of methyl acetoacetate to R-methyl 3-hydroxybutyrate by LbADH as model reaction, it was
demonstrated that the specific eYFP fluorescence of cells correlates both with the substrate
concentration and, when the substrate concentration is kept constant, with the specific
LbADH activity (Siedler et al., 2014). Due to the latter property, one promising application of
the NADPH biosensor is the FACS-based HT screening of libraries with a high number of
variants of NADPH-dependent enzymes. A proof of concept approach led to the identification
of an LbADH variant with a slightly increased activity, but reduced affinity for the substrate 4-
methyl-2-pentanone (Siedler et al., 2014).

In the present study, we applied the pSenSox biosensor to screen an LbADH library in
E. coli by FACS for variants that enable an improved biotransformation of 2,5-hexanedione to
(2R,5R)-hexanediol. This compound serves as a building block for the synthesis of fine
chemicals, pharmaceuticals, agrochemicals and chiral phosphine ligands (Haberland et al.,
2002; Machielsen et al., 2009). We identified the variant LbADHY"E and showed that it has an

increased activity for the reduction of 2,5-hexanedione, but also various other substrates.
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Results

Construction of an LbADH library and FACS screening

We aimed at finding LbADH variants with improved catalytic properties for the reduction of
2,5-hexanedione to (2R,5R)-hexanediol by FACS-based HT screening using the NADPH
biosensor pSenSox. For this purpose, a library of Lbadh variants was generated by error-prone
PCR and used to replace the LbadhWT gene of pSenSox. The resulting library pSenSox-
Lbadh'®@Y present in E. coli TOP10 had an estimated size of 1.4x10° clones. A culture
expressing the Lbadh‘ ™Y was used for the biotransformation of 2,5-hexanedione by
incubation for 2.5 h in 2xTY medium supplemented with 70 mM of the diketone. Preliminary
studies had revealed that cells expressing Lbadh"WT showed maximal specific fluorescence
during the biotransformation of 2,5-hexanedione after 2 to 3 h.

After biotransformation, the library cells were diluted and subjected to FACS (Fig. 1) as
described in detail in the methods section. The entire screening process comprised three
positive selection steps for cells showing high fluorescence after biotransformation of 2,5-
hexanedione followed by a negative selection step. In the latter, cells showing high
fluorescence independent of 2,5-hexanedione were excluded by collecting only those cells in
the library that showed the same fluorescence as E. coli TOP10/pSenNeg cells lacking an active
LbADH. After propagation, these cells were subjected to a fourth round of positive selection.
2.5x10° cells of the library were analyzed and 240 cells showing a higher fluorescence than
the reference strain E. coli TOP10/pSenSox containing wild-type LbADH were spotted on agar
plates and incubated overnight at 37°C. 83 cells (35%) formed colonies and were further

analyzed.
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Initial characterization of isolated clones in the BiolLector

To confirm the increased fluorescence of the 83 isolated clones, they were cultivated in a
BioLector machine in 2xTY medium with or without 70 mM 2,5-hexanedione. The specific
fluorescence of the cultures (the ratio of absolute fluorescence over cell density determined
as backscatter at 620 nm) was monitored online for around 24 h. As reference, the strain
expressing the wild-type Lbadh gene was used. Several of the clones showed an increased
specific fluorescence in the presence of 2,5-hexanedione compared to the absence of 2,5-
hexanedione and a higher specific fluorescence than the reference strain with wild-type
LbADH. Sequencing of the plasmids isolated from four of these clones revealed that all carried
a single G->A transition in the Lbadh gene resulting in the amino acid exchange K71E.

To confirm that this mutation, rather than secondary mutations in the pSenSox plasmid
or in the genomic DNA, was responsible for the increased fluorescence during the
biotransformation of 2,5-hexanedione, the Lbadh*"*t gene was amplified by PCR and used to
replace the wild-type Lbadh gene in plasmid pSenSox, and transferred into E. coli TOP10.
Cultivation of the recombinant strain carrying pSenSox-Lbadh®’1f in a Biolector machine
confirmed that it shows a higher specific fluorescence in the presence of 2,5-hexanedione
than in the absence, and higher fluorescence than E. coli TOP10/pSenSox with wild-type
LbADH (data not shown). This result supported the assumption that the K71E mutation in
LbADH was responsible for the increased fluorescence and leads to improved properties for

2,5-hexanedione reduction.

Purification and biochemical characterization of LBADH"T and LbADH71E
To characterize and compare the LbADHX!E variant with the LbADHWT, both enzymes

containing an N-terminal StrepTag-ll were overproduced in E. coli C43(DE3) using the
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expression plasmids pASK-IBA5plus-Lbadh"'™ and pASK-IBAS5plus-Lbadh**t and purified by
StrepTactin Sepharose affinity chromatography followed by size-exclusion chromatography
(Fig. 2). The two proteins showed an identical elution profile in the affinity chromatography
(Fig. 2A), but in the size-exclusion chromatography the LbADHXIE eluted slightly before
LbADHYT (Fig. 2B). Consequently, the apparent mass calculated from a calibration curve (Fig.
2C) derived from standard proteins of known size was somewhat larger for LbADHX"1E (113
kDa) than for LbADHWT (95 kDa). The apparent sizes were in agreement with the known
tetrameric structure of LbADH (calculated mass of monomer 26.6 kDa), but also indicated
some structural changes associated with the K71E exchange. These structural changes are also
apparent after analysis of the purified proteins by SDS-PAGE: LbADH*"'E shows a slightly higher
apparent mass than LbADHWT (Fig. 2D).

The pure enzymes were used for kinetic analysis using a spectrophotometric assay
measuring NADPH consumption at 340 nm (see Methods section for details). In initial studies,
the affinity and activity for the substrate 2,5-hexanedione were determined using Michaelis-
Menten and Lineweaver-Burk plots (Fig. 3, Table 1). The Km value determined for LbADHK71E
(4.3 £ 0.5 mM) was 16% lower than the one determined for LbADH"T (5.1 + 0.6 mM). The
maximal activity calculated for LbADH¥71E (173.3 + 11.1 umol min't mg™) was 17% higher than
that of LbADHWT (148.5 + 12.3 umol min"t mg!). Consequently, LbADH""E is more active than
LbADHYT regarding the reduction of 2,5-hexanedione and has a higher substrate affinity. To
test whether the improved kinetic properties of LbADHY"1E are specific for 2,5-hexanedione,
we determined the Kv and vmax values for methyl acetoacetate. Also for this substrate
LbADHX"E showed a better affinity and a higher maximal activity than LbADH"T (Fig. 3C and
3D, Table 1). In a further set of experiments, the activity of the two enzymes for four other

substrates was compared at a single concentration. As summarized in Table 2, LbADHX71E
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showed 21% - 39% higher activity for 2-acetylpyridine, 2-hexanone, acetophenone, and 4-
hydroxy-2-butanone, suggesting that the positive effect of the K71E exchange on LbADH

activity was independent of the substrate.

Discussion
A FACS-based HT approach to identify optimized variants of LbADH for NADPH-dependent
reduction of 2,5-hexanedione resulted in the isolation of LbADHX"E, The exchange of a lysine
residue to a glutamic acid residue at position 71 led to an increased activity and a better
affinity for 2,5-hexanedione, but also for the substrate methyl acetoacetate. Furthermore, up
to 39% increased activities were found for the substrates 2-acetylpyridine, 2-hexanone,
acetophenone, and 4-hydroxy-2-butanone. The crystal structure of the LbADHWT
homotetramer in complex with the substrate acetophenone, the cofactor NADPH and Mg?* is
available (Schlieben et al., 2005). Interestingly, position 71 is not located close to the active
center at the protein core, but solvent-exposed on the protein surface (Fig. 4). According to
PyMOL 2.2.0 (Schrodinger, 2015), the distance of position 71 to the substrate acetophenone
is around 28.0 A and to the cofactor NADPH approximately 14.1 A. The distance to the amino
acids involved in catalysis, Asn113, Ser142, Tyr155, and Lys159 (Niefind et al., 2003) of the
closest active site, is 19.4 A, 27.4 A, 27.1 A and 25.7 A, respectively. The distance to the active
center suggests that the amino acid at position 71 is not directly involved in substrate binding
and reduction.

Apart from the position of the mutation, the nature of the amino acid exchange has to be
considered. The mutation led to an exchange of a lysine residue with a positively charged
amino group by a glutamate residue with a negatively charged carboxyl group. The enzyme

activity assays were performed at pH 7. The K71E exchange on the LbAHD protein surface will
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influence its net charge and isoelectric point (pl), as these parameters depend on the content
of ionizable groups and their pK; values (Shaw et al., 2001). According to a protein parameter
calculator (https://web.expasy.org/protparam), the K71E exchange resulted in a change of the
pl from 5.44 for LbADHY to 5.17 for LbADHX"E, SDS-PAGE also suggested that the mutation
K71E changed the electrostatic properties of the enzyme, because LbADHY"XE showed slower
migration on the gel than LbADHWT (Fig. 2D). In SDS-PAGE, proteins with a lower pl might
migrate slower due to stronger negative charge repulsion with SDS (Shirai et al., 2008).

The net charge and the ionization state of individual residues affect many aspects of
protein behavior including protein structure, stability, solubility, and function (Shaw et al.,
2001; Pace et al., 2009). The slightly different elution profiles of LbADH¥"*E and LbADHWT in the
size-exclusion chromatography (Fig. 2B) support a structural change caused by the K71E
mutation. Moreover, electrostatic effects dominate hydration, denaturation, protein
assembly, allostery and salt bridges, thermal stability and enzyme catalysis (Perutz, 1978;
Matthew, 1985). Many enzyme reactions proceed via charged transition states and therefore
stabilization of charges can be a major catalytic factor (Russell and Fersht, 1987). In the case
of LbADH, Tyr155 is assumed to serve as a catalytic acid which is deprotonated in the course
of reduction and requires stabilization by the positively charged Lys159 for this purpose
(Schlieben et al., 2005; Jornvall et al., 1995). The K71E exchange might have a positive
influence on enzyme catalysis by stabilizing the charged transition state. Charged residues on
the surface of proteins can also generate electrical potentials that extend many angstroms out
into solution, enhancing substrate association rates and catalytic rates in enzymes (Sharp and
Honig, 1990).

It is interesting that a single mutation on the protein surface, as is the case of the

LbADHX"1E variant, is sufficient to increase enzyme activity. Several studies have shown that it
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is possible to increase protein stability by improving electrostatic interactions among charged
groups on the surface of folded proteins through multiple and even single mutations (Akke
and Forsen, 1990; Grimsley et al., 1999; Strickler et al., 2006; Gribenko et al., 2009). Therefore,
a change in charge-charge interactions on the LbADHX"E surface might positively influence
enzyme stability, leading to increased enzyme activity. More specifically, LbADH"E activity
might increase because the electrostatic changes on the protein surface have a positive
influence on thermodynamic stability. The main factors affecting stability are the relative free
energies of the folded (Gr) and the unfolded (Gy) states. Protein stability is defined as the
difference in Gibbs free energy, AG,, between the folded and the unfolded state. Specific
algorithms have been developed to predict the effects of mutations on protein stability by
estimating the changes in the difference in Gibbs free energy (AAG) between the wild-type
and the mutated enzyme. The mutated enzyme is more stable if AAG is positive. For the
proteins LbADHYT and LbADHX"E the servers SDM (Pandurangan et al., 2017) and I-Mutant 2.0
(Capriotti et al., 2005) both calculated AAG to be +3.51 kl/mol. The program iPTREE-STAB
(Huang et al., 2007) predicted that the mutation K71E has a stabilizing effect without giving a
concrete value for AAG. Thus, the charge reversal at position 71 on the protein surface might
have decreased the relative free energy of the folded state (Gs) of LbADH*"*E compared to
LbADHWT, resulting in a more stable protein. The increased stability might enable a higher
fraction of LbADHX"'E proteins to be in the active, folded state compared to the LbADHWT
proteins, explaining why LbADHY"1E can convert the substrate faster than LbADHWT,

In conclusion, the charge reversal on the protein surface might be crucial for the higher
activity of LbADHXXE compared to LbADHW'. Rational protein design has been dominated by
algorithms that optimize interactions in the protein core and only few algorithms have been

developed that focus on surface interactions (Strickler et al., 2006). This study is another
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example for the importance of electrostatic forces on the protein surface regarding enzyme
activity. Moreover, this study provides further evidence that random mutagenesis in
combination with a HT screening approach is a powerful tool for the identification of

promising enzyme variants.

Materials and Methods

Chemicals, bacterial strains, plasmids and growth conditions

Unless specified otherwise the chemicals were purchased from Sigma-Aldrich GmbH
(Steinheim, Germany), BD Biosciences (Franklin Lakes, USA), or Carl Roth (Karlsruhe,
Deutschland). All bacterial strains and plasmids used in this work are listed in Table 3. One
Shot™ TOP10 Electrocomp E. coli cells (Invitrogen, Karlsruhe, Germany) were used for cloning
and screening purposes. Transformation of E. coli cells was performed as described (Hanahan,
1983). Cells were cultivated at 37°C in liquid 2xTY medium consisting of 16 g L tryptone (BD
Biosciences, Franklin Lakes, USA), 10 g L yeast extract, and 5 g L'! sodium chloride, in terrific
broth (TB) medium (12 g L™ tryptone, 24 g L! yeast extract, 4 mL glycerol, 12.54 g L'! K;HPO,,
2.31 g L't KH2PO4; pH 7.0), or on LB agar (Carl Roth, Karlsruhe, Deutschland). Plasmids were
selected by adding carbenicillin to the medium to a final concentration of 100 ug mlt. BD™
FACSFlow Sheath Fluid for flow cytometry applications was purchased from BD Biosciences

(Franklin Lakes, USA).

Recombinant DNA work and library construction

Standard methods such as PCR were carried out according to established protocols (Sambrook
and Russell, 2001). Oligonucleotides were synthesized by Eurofins Genomics (Ebersberg,
Germany) and are listed in Table 4. All plasmids were sequenced by Eurofins Genomics
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(Ebersberg, Germany). For random mutagenesis of the LbadhWT gene, error-prone PCR was
performed using the oligonucleotide pair pSenSox-Lbadh-fw and pSenSox-Lbadh-rv, the
plasmid pSenSox as template, and the GeneMorph Il Random Mutagenesis Kit (Agilent
Technologies, Santa Clara CA, USA). The resulting mutated Lbadh fragments were cloned by
Gibson assembly (Gibson et al., 2009) into a pSenSox fragment obtained by restriction with
EcoRl and Hindlll to remove the LbadhWT gene. The Gibson assembly mixture representing the
Lbadh'®™ was used to transform electrocompetent cells of E. coli TOP10. The resulting library
was composed of about 1.4x10° individual clones and was used for preparation of glycerol

stocks.

The plasmid pASK-IBASplus-Lbadh®’'® was generated by site-directed mutagenesis with
pASK-IBASplus-LbadhWT as template, the oligonucleotide pair Lbadh-mutagenesis-A412G-fw
and Lbadh-mutagenesis-A412G-rv, and the PfuUltra Il Hotstart PCR Master Mix (Agilent
Technologies, Santa Clara CA, USA). The plasmid pSenSox-Lbadh®’1® was obtained by
amplifying the Lbadh®’F gene with the oligonucleotides pSenSox-Lbadh-fw and pSenSox-
Lbadh-rv and pASK-IBASplus-Lbadh®’1F as template and cloning the PCR product into plasmid

pSenSox cut with Hindlll and EcoRI at the former position of the LbadhVT gene.

Fluorescence activated cell sorting (FACS)

Flow cytometric analysis and cell sorting were performed with a FACS ARIA Il high-speed cell
sorter (BD Biosciences, Franklin Lakes, NJ, USA) and the BD FACSDiva™ software 6.1.3. eYFP
fluorescence of single cells was measured by using an excitation wavelength of 488 nm
emitted by a blue solid-state laser and an emission wavelength of 533 + 30 nm at a sample
pressure of 70 psi. A threshold was set to exclude non-bacterial particles on the basis of

forward scatter (FSC) area versus side scatter (SSC) area. The flow rate was set to analyze
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2000-4000 cells per second. For graphical representation of the obtained data as dot plots or
histograms the software FlowJo (Flowlo, LLC, Ashland, OR, USA) was used.

The strategy used to isolate cells containing LbADH variants with improved activity for
reduction of 2,5-hexanedione included three enrichments steps with positive selection
followed by one negative selection step and another positive selection step. A 1-ml culture of
E. coli TOP10/pSenSox-Lbadh ™ in 2xTY medium containing 100 pg ml* carbenicillin with an
initial optical density at 600 nm (ODsoo) of 0.2 was incubated for 4 h at 37°C and 900 rpm in a
48-well non-transparent Flowerplate (m2p-labs GmbH, Baesweiler, Deutschland). Then the
cells were harvested by centrifugation and resuspended in fresh 2xTY medium supplemented
with 100 pg ml* carbenicillin to a final ODgoo of 3 or higher. 800 pl of these suspensions were
transferred into another 48-well Flowerplate and after addition of 100 uL 2,5-hexanedione to
a final concentration of 70 mM, the plate was incubated for 2.5 h at 37°C and 900 rpm for
NADPH-dependent reduction of 2,5-hexanedione to (2R,5R)-hexanediol and concomitant
NADPH-dependent expression of eyfp. Then the cultures were diluted 50-fold in sterile-
filtered BD™ FACSFlow Sheath Fluid (BD, Franklin Lakes, USA) and subjected to FACS.

The sorting gate was set to include the 1% most fluorescent cells. 3x10* of these cells
were sorted into fresh 2xTY medium containing 100 pg ml? carbenicillin. After overnight
cultivation, a new 1-ml culture was inoculated, incubated for 4 h and then used again for
biotransformation of 2,5-hexanedione. Afterwards, the cells were again screened by FACS,
3x10* of the most fluorescent cells were isolated and the positive selection repeated for a
third time. After culturing the cells of the third enrichment step, they were subjected to a
mock biotransformation in which 2,5-hexanedione was omitted and then analyzed by FACS.
In this case, the non-fluorescent cells were sorted in order to remove cells showing high

fluorescence independent of LbADH-catalyzed 2,5-hexanedione reduction. For setting the
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sorting gate, cells of E. coli TOP10/pSenNeg were used, which lack an active LbADH. 1x10°
library cells within the negative sorting gate were collected in fresh 2xTY medium with
100 pg ml? carbenicillin. After overnight cultivation, a fourth round of positive selection was
performed using cells after 2.5 h biotransformation of 2,5-hexanedione. Cells of E. coli
TOP10/pSenSox with wild-type LbADH were used as reference and 240 library cells showing a
higher fluorescence than the reference were spotted on LB agar plates with 100 pg ml?
carbenicillin.

83 out of the 240 spotted cells formed colonies after overnight incubation at 37°C and
were subsequently analyzed in a BiolLector microcultivation system by following eYFP
fluorescence and growth as described below. 65 clones showed the same fluorescence
pattern with a higher fluorescence compared to the reference strain E. coli TOP10/pSenSox
expressing the wild-type LbadhWT gene in the presence of the substrate 2,5-hexanedione. The
plasmids of four of these strains were isolated and sequenced. All four clones carried a single

G->A transition in the Lbadh gene resulting in the amino acid exchange K71E.

Biotransformation and monitoring of the NADPH biosensor response

The fluorescence intensity of the NADPH biosensor signal was measured during the whole-cell
biotransformation of the substrate 2,5-hexanedione. To test the difference in the fluorescence
intensity, pre-cultures of the cultures obtained after FACS screening and the E. coli
TOP10/pSenSox culture as positive control were incubated overnight at 37°C and 130 rpm in
5mL 2xTY medium containing 100 pg ml™ carbenicillin. The pre-cultures were used to
inoculate main cultures in 2xTY medium with 100 pg ml= carbenicillin to an ODego of 0.05,
which were cultivated at 37°C and 130 rpm. The cells were further cultivated for 5 h, harvested

by centrifugation (4°C, 4713 g, 15 min) and resuspended in 5 ml fresh 2xTY medium
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supplemented with 100 pg mli~* carbenicillin to a final ODggo of 5. 800 pl of these suspensions
were transferred into a 48-well Flowerplate (m2p-laps, Baesweiler, Germany). To start the
biotransformation of the substrates, 100 pL of the substrate 2,5-hexanedione dissolved in
ddH,0 was added to the cultures to a final concentration of 70 mM. 100 pL ddH,0 were added
to the cultures instead of the substrates as negative controls. After the desired additions, the
Flowerplates were incubated in a BioLector microcultivation system (m2p-laps, Baesweiler,
Germany) at 30°C and 1200 rpm (shaking diameter 3 mm) and eYFP fluorescence (excitation
wavelength 485 nm, emission wavelength of 520 nm) and cell density (as backscattered light

at 620 nm) were monitored online (Kensy et al., 2009).

LbADH overproduction and purification

For enzyme production, E. coli C43(DE3) carrying pASK-IBASplus-LbadhW'T or pASK-IBAS5plus-
Lbadh®"'® was cultivated in TB medium supplemented with 1 mM MgCl> and 100 ug ml™?
carbenicillin. Pre-cultures were used to inoculate 1 | main cultures in a 5 | shaking flask to a
starting ODeoo of 0.1. The main cultures were shaken at 37°C and 130 rpm until an ODeoo of 0.6
was reached. Then LbADH overproduction was induced with 0.2 mg It anhydrotetracycline
and the cultures were then incubated for 20 h at 20°C and 130 rpm. Subsequently, the cells
were harvested by centrifugation (4°C, 4713 g, 30 min), resuspended in 5 ml lysis buffer (100
mM Tris/HCI buffer at pH 7.2 with 1 mM MgCly, 1 ug
ml* DNAse and protease inhibitor (cOmplete™ ULTRA Tablets, Mini, EDTA-free, EASYpack
Protease Inhibitor Cocktail, Roche, Basel, Schweiz), and incubated for 20 min on ice. For cell
disruption the cell suspension was passed three times through a French pressure cell at
110 MPa. To sediment intact cells and cell debris the extract was centrifuged for 60 min at

10,000 g and 4°C. The resulting supernatant was filtered through a 0.22 um filter (Millex-GP,
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polyethersulfon, Merck Millipore, Tullagreen, Ireland) and used for a two-step purification
process with an Akta™ Pure chromatography system (GE Healthcare Bio-Sciences, Uppsala,
Sweden). First, LbADH was isolated by affinity chromatography using a 1 ml Strep-Trap™ HP
column (GE Healthcare Bio-Sciences, Uppsala, Sweden) equilibrated with 100 mM Tris/HCI
buffer pH 7.2 containing 1 mM MgCl, according to the protocol provided by the manufacturer.
For elution of specifically bound proteins, equilibration buffer supplemented with 2.5 mM
desthiobiotin was used. For the second purification step, size exclusion chromatography was
performed using a Superdex™ 200 increase 10/300 GL column (GE Healthcare Bio-Sciences,
Uppsala, Sweden) equilibrated with buffer A (50 mM triethanolamine hydrochloride (TEA)
containing 1 mM MgCl, and adjusted to pH 7.0 with 1 M HCIl). LbADHWT and LbADHX"1E were
eluted with buffer A at a flow rate of 0.75 mL/min. To determine the molecular mass of the
eluted proteins, a calibration curve was established by performing size exclusion
chromatography under the same conditions with proteins of known size, namely carbonic
anhydrase (29 kDa), bovine serum albumin (66 kDa), alcohol dehydrogenase (150 kDa) and B-
amylase (200 kDa). Protein concentrations were determined using a bicinchoninic acid assay
(Interchim, Montlugon, France). 1 ug protein of the elution fraction obtained after affinity
purification and 1 ug protein of the elution fraction obtained after size exclusion
chromatography were analyzed by sodium dodecyl! sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using a Mini-PROTEAN® TGX™ Any kD™ gel (Bio-Rad Laboratories, Hercules CA,

USA).

Kinetic analysis of LBADH"T and LbADHX"'E
The kinetic properties of purified LbADHYT and LbADHY"1E were analyzed using an assay in

which the oxidation of NADPH was followed at 340 nm using a JASCO V560 UV/VIS
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spectrophotometer (JASCO, Gross-Umstadt, Germany) equipped with a water bath-heated
cell holder set at 30°C. The assay was performed in disposable semi-micro cuvettes made of
polystyrene (Sarstedt, Nirnbrecht, Germany) containing 1 ml assay buffer composed of
50 mM TEA pH 7.0, 1 mM MgCl, 0.3 mM NADPH, 0.7 ug purified LbADHYT or LbADHY"1E, and
different concentrations of the substrate. For 2,5-hexanedione, concentrations from 1 mM to
20 mM were used, for methyl acetoacetate 0.195 mM to 12.5 mM. The activity for
acetophenone was determined at 5 mM, the activities for 2-acetylpyridine, 2-hexanone, and
4-hydroxy-2-butanone were determined at 10 mM. The progress of NADPH consumption was
measured continuously for 1 min and used to calculate the corresponding enzyme activity
using an extinction coefficient for NADPH at 340 nm of 6.22 mM- cm™. The data were used to
create Michalis-Menten and Lineweaver-Burk plots. Km and Vmax values were determined by
nonlinear regression of the Michaelis-Menten equation using the software GraphPad Prism 7

(GraphPad Software, La Jolla California USA).
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Table 1. Kinetic parameters of purifed LbADHYT and LbADHX"1E for various substrates.

Substrate Vmax (tmol min't mg?) Km (mM)

LHOADHWT LbADHX71E LBADHWT LbADHX71E
2,5- 148.5+12.3 173.3+11.1 5.1+0.6 4.3+0.5
Hexanedione?
Methyl 154.2+£2.2 221.2+33 1.13 +£0.06 0.67 £0.04
acetoacetate?

IMean values and standard deviation based on three separate protein preparations with three

technical replicates per preparation.
2Mean values and standard deviation based on a single protein preparation and three

technical replicates.
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Table 2. Analysis of LbADHWT and LbADHX71E activity for the substrates methyl acetoacetate,
2-acetylpyridine, 4-hydroxy-2-butanone, acetophenone, and 2-hexanone. Mean values

obtained from a single protein preparation and three technical replicates are shown.

Substrate Substrate LbADHYT activity LbADHX"E activity % increase

concentration  (umol min't mg?) (umol min't mg?)

2-acetylpyridine 10 mM 104.1+1.7 1255+ 1.1 21%
2-hexanone 10 mM 22.8+0.7 279+1.1 22%
acetophenone 5mM 29.8+0.7 39.5+0.7 33%
4-hydroxy-2- 10 mM 39.5+1.3 549+4.6 39%
butanone
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Table 3. Bacterial strains and plasmids used in this study.

Strain or plasmid Relevant characteristics Source or
reference

Escherichia coli

TOP10 mcrA, A(mrr-hsdRMS-mcrBC), Invitrogen
Phi80lacZ(del)M15, AlacX74, deoR, recAl,
araD139, A(ara-leu)7697, galU, galK,
rpsL(SmR), endA1, nupG, strain used for
general cloning procedures

C43(DE3) F—ompT gal dcm hsdSB(rB- mB-)(DE3), strain (Miroux and
used for protein expression Walker, 1996)

Plasmids

pSenSox AmpR; pBtac-Lbadh derivative containing the (Siedler et al.,
soxRS-based NADPH biosensor and the 2014)
Lbadh"'T gene under transcriptional control of
the tac promoter

pSenNeg AmpR; pSenSox derivative with an incomplete  (Siedler et al.,
Lbadh"'T gene preventing synthesis of an active 2014)
LbADHWT

pSenSox-LbadhX71E AmpR; pSenSox derivative with the Lbadh®"'¢ This study

pASK-IBA5plus-
Lbadh'VT

pASK-IBA5plus-
Lbadh*71E

gene under control of the tac-promoter

AmpR; pASK-IBASplus derivative for production
of LbADHWYT with N-terminal Strep-tag Il under
control of the tet-promoter/operator

AmpR; pASK-IBA5plus derivative carrying the
gene construct for the purification of the
mutant LbADHX"1E protein with an N-terminal
Strep-Tactin affinity tag (Strep-tag 1) under
transcriptional control of the tet-
promoter/operator

Prof. W. Kroutil,
Department of
Chemistry,
University of
Graz, Austria

This study
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Table 4. Oligonucleotides used in this study.?

Oligonucleotide

Sequence (5’ - 3’) and properties

pSenSox-Lbadh-fw

pSenSox-Lbadh-rv

CAATTTCACACAGGAAACAGGCGGCCGCATGTCTAACCGTTTGGA
TG

CTCTCATCCGCCAAAACAGAGAATTCCTATTGAGCAGTGTAGCC

Oligonucleotides used for colony-PCRs and sequencing of plasmids.

pSenSox-Lbadh'ibrary
sequencing fw

pSenSox-Lbadh‘iPrary
sequencing rv
Lbadh-mutagenesis
A412G fw
Lbadh-mutagenesis
A412G rv
pASK-IBAS5plus-Lbadh*71E
sequencing fw

pASK-IBAS5plus-Lbadh*71E
sequencing rv

TAATCATCGGCTCGTATAATGTGTG

GCTTCTGCGTTCTGATTTAATCTG

GATGAAGATGGTTGGACCGAACTGTTTGATGCAACC

GGTTGCATCAAACAGTTCGGTCCAACCATCTTCATC

GAAATAATTTTGTTTAACTTTAAGAAGG

CCATTTTTCACTTCACAGGTCAAGC

! Overlapping regions required for Gibson assembly in oligonucleotides used for cloning of

the Lbadh“?™" genes into pSenSox cut with EcoRI and Hindlll are shown in bold.
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pSenNeg
pSenSox-Lbadh'a hefore enrichment
pSenSox-Lbadh® after enrichment

FSC-H

Fig. 1. FACS analysis the LbADH mutant library. Comparison of the fluorescence distribution of

the E. coli TOP10/pSenSox-Lbadh'®™V culture before (blue) and after three positive

enrichment steps followed by one negative and another positive enrichment step (green). E.

coli TOP10/pSenSox cells (orange) were used as positive control and E. coli TOP10/pSenNeg

cells (grey) as negative control. Before FACS analysis, cells of the different cultures were

incubated for 2.5 h with the substrate 2,5-hexanedione. Prior to sorting, 2.5 x 10° cells of each

culture were analyzed. The plots were generated with the BD DIVA 6.1.3 software. (A)

Histogram of the four E. coli cultures described above. (B) Dot plots of the four cultures

described abvoe displaying the eYFP fluorescence signal against the forward scatter height

(FSC-H) reflecting the size of the cells.
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Fig. 2. Purification of LbADHWT and LbADHE, (A) Chromatogram of the affinity
chromatography with the Strep-Trap™ HP column. (B) Chromatogram of the size-exclusion
chromatography of the affinity-purified proteins with a Superdex™ 200 increase 10/300 GL
column. (C) Calibration curve used for molecular mass determination obtained with proteins
of known molecular mass: carbonic anhydrase (29 kDa), bovine serum albumin (66 kDa),
alcohol dehydrogenase (150 kDa) and B-amylase (200 kDa). For molecular mass determination
the partition coefficient Kay was calculated and plotted against the logarithm of the molecular
mass. LbADH"T was shown to be tetrameric with a molecular mass of 107 kDa. LbADH"T eluted
with an apparent molecular mass of 95 kDa and LbADHY"1E with an apparent molecular mass
of 113 kDa. (D) SDS-PAGE analysis of crude cell extracts (lanes 1 and 2) and soluble protein
fractions (lanes 3 and 4) of E. coli C43(DE3)/pASK-IBA5plus-Lbadh'T (lanes 1 and 3) and E. coli
C43(DE3)/pASK-IBASplus-Lbadh*"1E (lanes 2 and 4) and of purified LbADHYT (lanes 5 and 7)
and LbADH""E (lanes 6 and 8) after StrepTactin affinity chromatography (lanes 5 and 6) and
after size-exclusion chromatography (lanes 7 and 8). The Mini-PROTEAN® TGX™ any kD™ gel
was stained with GelCode™ Blue Stain Reagent (Thermo Scientific, Rockford, USA). M, protein

molecular mass standards.
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Fig. 3. Representative Michaelis-Menten plots (A, C) and Lineweaver-Burk plots (B, D) for

NADPH-dependent reduction of 2,5-hexanedione to (2R,5R)-hexanediol (A, B) and of methyl

acetoacetate to (R)-methyl 3-hydroxybutyrate (C, D) by purified LbADHWT and LbADH?E, Data

are mean values from three technical replicates of a single protein preparation.
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A

LbAdhYWT monomer LbAdhWT tetramer LbAdhWT tetramer

Lysine (K71)
positively charged
amino group

LbAdh*7E monomer LbAJhK7E tetramer

~

Glutamic acid (E71)
negatively charged
carboxylate group

Fig. 4. Crystal structure of the LbADH"T monomer and the homotetramer in complex with the
substrate acetophenone and the cofactor NADPH (Schlieben et al. 2005) (A) and modelled
structure of LbADHY"E (B). In the tetrameric structure, the Mg?* ions needed for structure
stabilization are shown as light green spheres. The amino acids at position 71 are shown as
sticks and marked with a black circle. The residues Asn113, Ser142, Tyr155, Lys159 involved in
the catalytic mechanism are shown in red as sticks in the monomer. The images were

generated with the software PyMOL 2.2.0 (PDB code 1ZK4).
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