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ABSTRACT: An ultra-high-throughput screening system for
NADPH-dependent enzymes, such as stereospecific alcohol
dehydrogenases, was established. It is based on the [2Fe−2S]
cluster-containing transcriptional regulator SoxR of Escherichia
coli that activates expression of soxS in the oxidized but not in
the reduced state of the cluster. As SoxR is kept in its reduced
state by NADPH-dependent reductases, an increased NADPH
demand of the cell counteracts SoxR reduction and increases
soxS expression. We have taken advantage of these properties
by placing the eyfp gene under the control of the soxS
promoter and analyzed the response of E. coli cells expressing
an NADPH-dependent alcohol dehydrogenase from Lactobacillus brevis (LbAdh), which reduces methyl acetoacetate to (R)-
methyl 3-hydroxybutyrate. Under suitable conditions, the specific fluorescence of the cells correlated with the substrate
concentration added and with LbAdh enzyme activity, supporting the NADPH responsiveness of the sensor. These properties
enabled sorting of single cells harboring wild-type LbAdh from those with lowered or without LbAdh activity by fluorescence-
activated cell sorting (FACS). In a proof-of-principle application, the system was used successfully to screen a mutant LbAdh
library for variants showing improved activity with the substrate 4-methyl-2-pentanone.
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Redox reactions are at the core of cellular metabolic
processes, and about one-quarter of known enzymes are

oxidoreductases.1 A feature of many of these enzymes is their
stereo- and regiospecificity. The pharmaceutical industry takes
advantage of these properties as well as the mild and
environmentally friendly conditions under which enzyme-
catalyzed reactions proceed. Among such processes, alcohol
dehydrogenases are of particular interest.2,3 They are employed
in the reduction of various ketones to produce enantiopure
secondary alcohols. These enzymes are frequently NADPH-
dependent, and there is a need for a continuous supply of the
reduced cofactor for the reaction to proceed.2,4,5 This applies
both for isolated enzymes and for whole-cell processes.6,7

In our studies with Escherichia coli on the reductive
biotransformation of methyl acetoacetate (MAA) to (R)-
methyl 3-hydroxybutyrate (MHB) by a strictly NADPH-
dependent alcohol dehydrogenase from Lactobacillus brevis
(LbAdh),6,8,9 we noticed a significantly increased mRNA level
of the soxS gene in cells catalyzing MAA reduction. SoxS is a
transcription factor whose expression is activated under
conditions of oxidative stress by SoxR.10−13 The genes of the
SoxRS regulon mediate the cellular response to superoxide, to
diverse redox-cycling drugs like paraquat, or to nitric oxide.14,15

SoxR is a homodimer with each subunit containing an [2Fe−
2S] cluster.16,17 Only when the cluster is oxidized to [2Fe−
2S]2+ is transcriptional activity conferred to SoxR, which in turn

results in the expression of soxS.18,19 SoxS then activates
expression of the SoxRS regulon, which includes, for example,
the genes for superoxide dismutase (sodA), glucose 6-
phosphate dehydrogenase (zwf), or fumarase C ( fumC).20

Inactivation of SoxR involves its NADPH-dependent reduction
catalyzed by the rsxABCDGE and rseC products.21

The nature of the cellular signal sensed by SoxR is still a
matter of debate.22−24 Besides direct oxidation of the iron−
sulfur centers by superoxide25 and redox cycling drugs,23

Liochev and Fridovich first suggested that the SoxRS regulon is
responsive to the NADPH/NADP+ ratio,26 which was
supported by several studies. Krapp et al.27 showed that
introduction of a heterologous NADP+-reducing enzyme, the
nonphosphorylating glyceraldehyde 3-phosphate dehydrogen-
ase from wheat, into E. coli led to an increased NADPH/
NADP+ ratio, inhibition of the SoxR-mediated response, and
enhanced sensitivity to the superoxide propagator methyl
viologen (MV) and vice versa: overproduction of pea
ferredoxin, which stimulates NADPH oxidation via ferredox-
in-NADP(H) reductase, led to a decreased NADPH/NADP+

ratio, triggering of the SoxR response and a higher tolerance to
MV. Kobayashi and Tagawa28 isolated an 84 kDa enzyme that
catalyzed the NADPH-dependent reduction of oxidized SoxR.
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In our previous work, we showed that after starting the
NADPH-dependent reductive biotransformation of MAA to
MHB the NADPH/NADP+ ratio of the cells decreased,
whereas the NADH/NAD+ ratio (and the soxS mRNA level)
increased.29 These results favor NADPH and disfavor NADH
as a SoxR reductant. In the present work, we provide further
evidence that SoxR can sense NADPH availability, and we
utilized this finding to develop a sensor for the in vivo analysis
of NADPH-dependent reactions, offering a number of exciting
possibilities for high-throughput analysis and the development
of NADPH-dependent enzymes.

■ RESULTS AND DISCUSSION
SoxR as an NADPH Sensor. Our previous studies

indicated that the transcriptional regulator SoxR of E. coli
activates expression of its target gene soxS during reductive
biotransformations with a high demand of NADPH because of
a reduced capability of the cell for NADPH-dependent
reduction and inactivation of SoxR. On the basis of this
correlation, SoxR might be used as an NADPH sensor. To
evaluate and apply such a function of SoxR, we constructed
plasmid pSenSox in which soxR of E. coli DH5α together with
the soxR−soxS intergenic region and a small part of the soxS
coding region followed by a stop codon were cloned in front of
eyfp, thereby placing synthesis of the autofluorescent protein
eYFP under transcriptional control of the soxS promoter
(Figure 1). The sensor plasmid also encodes the NADPH-

dependent alcohol dehydrogenase of L. brevis, LbAdh, under
the control of an isopropyl β-D-thiogalactoside-inducible
promoter. LbAdh was previously shown by us and others to
convert efficiently MAA stoichiometrically to MHB.6,8,29,30

E. coli BL21(DE3) was transformed with plasmid pSenSox
and used for whole-cell biotransformation assays in 2× TY
medium with 10−70 mM MAA as an LbAdh substrate.
Complex medium was used to enable eYFP synthesis. In these
assays, NADPH is provided by the metabolism of components
present in yeast extract and tryptone. For online recording of
eYFP fluorescence and growth, a BioLector system was used.
Under the chosen conditions, at best doubling of the cells was
observed (Figure S1). Upon addition of MAA, the cultures
started to emit fluorescence with the initial slope of the

fluorescence increase being independent of the MAA
concentration added (Figure 2a). As recently discussed by

us,30 in the biotransformation system used here with a high
activity of wild-type LbAdh, the enzyme is saturated with the
substrate MAA, and metabolic NADPH generation is likely the
limiting step. Increasing concentrations of MAA led to higher
fluorescence maxima, and the time period required to reach
these maxima also increased (Figure 2a). The maximal
fluorescence intensity obtained for different initial MAA
concentrations remained constant for several hours because
of the marginal growth of the cells, the slow maturation kinetics
of the eYFP chromophore, and the high stability of eYFP.
When the specific fluorescence achieved after 10 h was plotted
against the initial MAA concentration, an almost linear

Figure 1. NADPH biosensor based on the transcriptional regulator
SoxR of E. coli. Dimeric SoxR with two Fe−S clusters binds to the
soxR−soxS intergenic region. At sufficient NADPH levels, the Fe−S
clusters are kept in the reduced state, and SoxR is inactive. The
enhanced activity of NADPH-consuming enzymes impedes SoxR
reduction, and the oxidized Fe−S clusters trigger a conformational
change of SoxR, causing transcription of its target gene soxS. In the
NADPH biosensor pSenSox, soxS has been replaced by eyfp coding for
the fluorescent protein eYFP, which allows for the identification of
cells with a low NADPH level by their increased fluorescence.

Figure 2. (a) Specific fluorescence (485 nm excitation, 520 nm
emission) of E. coli carrying the NADPH biosensor pSenSox during
biotransformation of 10 (dark blue), 20 (brown), 30 (green), 40
(purple), 50 (light blue), 60 (yellow), and 70 mM (gray) MAA to
MHB via the NADPH-dependent alcohol dehydrogenase LbAdh. A
control without MAA is shown in black. (b) Specific fluorescence of
cells (■) measured after 10 h of biotransformation plotted against the
initial MAA concentration. Mean values and standard deviations of
three independent replicates are shown. The empty squares (□) show
the values obtained with the control plasmid, pSenNeg, encoding an
inactive LbAdh fragment. (c) Epifluorescence of cells from
biotransformations with 0, 10, 40, or 70 mM MAA.
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relationship was obtained for MAA concentrations up to 60
mM (Figure 2b). In the absence of MAA, constant background
fluorescence was observed. Similarly, in biotransformation
experiments with cells carrying plasmid pSenNeg encoding an
inactive LbAdh fragment, only background fluorescence was
detectable independent of the MAA concentration added.
These controls confirm that the fluorescence increase was
strictly dependent on the NADPH-dependent reduction of
MAA to MHB. The increased fluorescence obtained with
increased MAA concentrations was also visible at the single-cell
level by epifluorescence microscopy (Figure 2c) and flow
cytometry (see below).
The results reported above support the view that SoxR of E.

coli is active under conditions of high NADPH demand, as
obtained by the reduction of MAA to MHB by LbAdh. By
measuring SoxR activity via eyfp expression under control of
the soxS promoter, we showed that the maximal specific
fluorescence of cells correlates with the concentration of MAA
reduced to MHB (Figure 2). To explain the observed
correlation, we propose that SoxR is subject to permanent
oxidation under aerobic conditions (e.g., by superoxide ions,
which were reported to be formed at a rate of 5 μM s−1),15,31

but it is kept in its reduced form by NADPH-dependent
reduction via the rsxABCDGE and rseC gene products. Under
conditions of high NADPH demand, SoxR reduction is
hampered, thus favoring the presence of oxidized, active
SoxR. Regarding the discussion on the nature of the signal
sensed by SoxR, our data support the concept of Liochev and
Fridovich26 that there are multiple ways to induce the SoxRS
regulon, which ultimately shift the equilibrium of oxidized and
reduced SoxR to the oxidized form. This can either happen by
increasing the oxidation of reduced SoxR or by decreasing the
reduction of oxidized SoxR, as exemplified in our study.
Correlation between Fluorescence and LbAdh Activ-

ity. In the next series of experiments, the influence of varying
LbAdh activities on the fluorescence output was tested (Table
1). For this purpose, six cultures with a specific LbAdh activity
between 0.03 U (mg protein)−1 (background activity) and 15.2
U (mg protein)−1 were used in biotransformations with a set of
different MAA concentrations. The different LbAdh activities
were achieved either by varying the expression level of the wild-
type enzyme via induction with IPTG or repression with LacI
or by using mutant LbAdh proteins with amino acid exchanges
Leu194Ser or Leu194Ala. The time course of specific
fluorescence for these cultures when incubated with different
MAA concentrations is shown in Figure S2. Higher LbAdh
activities led to higher maximal specific fluorescence, and this is
shown exemplarily for 40 mM MAA in Table 1. Thus, the
pSenSox system in the living cell offers the possibility to

distinguish NADPH-dependent enzymes with varying specific
activity.

Application of SoxR for High-Throughput Screening
of NADPH-Dependent Enzymes. Recently, metabolite-
activated transcription factors controlling eypf expression were
used to monitor the cytosolic concentration of the respective
metabolites in single bacterial cells, which allowed high-
throughput screening and isolation of single producer cells
using fluorescence-activated cell sorting (FACS).32−34 On the
basis of these results, we tested whether single cells differing in
their specific LbAdh activity also can be analyzed and sorted via
FACS. For this purpose, E. coli cells carrying either pSenSox
(6.2 U mg−1 LbAdh activity), pSen-L194A (2.7 U mg−1), or
pSenNeg (0.03 U mg−1) were used for biotransformation of 70
mM MAA for 19 h and then subjected to FACS. The resulting
combined histogram (Figure 3a) shows three well-resolved
peaks of eYFP fluorescence, indicating that the three strains
differing in their specific LbAdh activities form homogeneous
populations. Using an appropriate gate, P1, to exclude cells with
background fluorescence (carrying pSenNeg), 80.8% of the
population of cells with high fluorescence (carrying pSenSox)
and 1.5% of the cells with lower fluorescence (carrying pSen-
L194A) could be isolated.
These results encouraged us to test the suitability of pSenSox

for high-throughput screening of alcohol dehydrogenase
mutant libraries. To do this, we introduced mutations in
LbAdh both randomly by error-prone PCR and by individual
site-directed mutagenesis at positions Ala93, Leu152, and
Val195, which are known to be involved in substrate binding.9

The cells of the four mutant libraries were pooled and used for
reductive biotransformation of 20 mM 4-methyl-2-pentanone
(4M2P). This prochiral ketone was chosen because the reduced
product (R)-4-methyl-2-pentanol is of economic interest and
because wild-type LbAdh has only ∼12% activity with this
substrate as compared to MAA (15.5 μmol min−1 (mg
protein)−1). Analysis of cells containing wild-type LbAdh
showed that the maximal specific fluorescence obtained with
20 mM 4M2P was obtained already after 2 to 3 h of
biotransformation. Therefore, the cells of the mutant libraries
were subjected to FACS after approximately 3 h of
biotransformation.
We performed a sort on the library in which wild-type LbAdh

after biotransformation of 4M2P was used to define the lower
bound of the sorting gate. This bound was set close to the
maximal fluorescence of cells containing wild-type LbAdh,
which enhances the chances for identifying even slightly
improved Adh variants but also for sorting false positives. The
wild-type LbAdh-containing strain served as a positive control
after biotransformation of MAA instead of 4M2P (Figure 3b).
In the scatter plots of wild-type LbAdh with either 4M2P or

Table 1. Dependence of the Maximal Specific Fluorescence from the Specific LbAdh Activity of Cells

plasmids carried in E. coli BL21(DE3) IPTGa LbAdh activity (μmol min−1 (mg protein)−1)b maximal specific fluorescenceb,c

pSenNeg − 0.03 ± 0.01 0.07 ± 0.01
pSenSox pET28ad − 0.5 ± 0.1 0.09 ± 0.01
pSen-L194S − 0.7 ± 0.3 0.11 ± 0.01
pSen-L194A − 2.7 ± 0.6 0.18 ± 0.04
pSenSox − 6.3 ± 0.6 0.38 ± 0.02
pSenSox + 15.2 ± 2.0 0.46 ± 0.04

aIPTG was added at 1 mM. To allow reproducible expression, plasmid pSenSox carries no lacI gene, but E. coli BL21(DE3) contains a chromosomal
copy of lacI. IPTG was used to maximize expression. bMean values and standard deviations from three replicates are given. cValues were measured
after 19 h of biotransformation with 40 mM MAA. dVector pET28a provided an additional copy of lacI for stronger repression of Lbadh.
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MAA as a substrate, a relatively broad distribution of the cells
was observed. Similar observations were made for yeast cells
with a theophylline sensor,35 and the authors speculated that
individual gene expression noise was responsible for this
heterogeneity, arising from cell-specific differences in cell cycle
stage, fluctuations in plasmid copy numbers, and other
parameters.36 Such heterogeneity may distort the quantitative
output of a metabolite sensor to some extent and enhance the
background signal, thereby increasing the rate of false positives.
In a single screen, 106 cells of the LbAdh mutant library were
analyzed, and 250 cells showing slightly enhanced fluorescence
were selected and spotted on plates, of which 123 grew to form
colonies. Ninety six of these clones were analyzed in a
microtiter plate for fluorescence intensity after a 2 to 3 h
incubation with 4M2P (Figure S3). From six selected clones
with high specific fluorescence at the selected time point, the
specific LbAdh activity was determined (Table S1), and one
clone was identified that had a 36% increased activity with the

substrate 4M2P accompanied by an 8-fold increased Km value
(Table 2). The plasmid of this mutant clone was fully
sequenced and found to contain a single mutation in the
Lbadh gene that led to an Ala93Met exchange.

In conclusion, the correlation between NADPH consump-
tion and fluorescence was visible at the single-cell level and
suitable for FACS analysis, allowing the highest throughput
assays currently possible. Because we could identify conditions
leading to a good correlation between the specific activity of the
NADPH-consuming enzyme and the specific fluorescence of
the cells, the SoxR sensor provides a generalized high-
throughput screening system for this type of enzymes. We
demonstrated this potential by the rapid isolation of an LbAdh
variant via FACS with an improved activity toward the substrate
4M2P (Table 2). To reduce the number of false positives,
suitable enrichments steps have to be identified and included in
future applications of the SoxR-based sensor, as reported for
other high-throughput screening systems.35,37−39 As long as
educts and products can enter and leave the sensor-containing
cells, libraries of NADPH-dependent enzymes can now be
assayed in a high-throughput format without the development
of specific assays. This novel technology has the potential to
expedite the availability of new enzymes for the synthesis of
chiral compounds significantly.

■ METHODS
Bacterial Strains, Media, and Growth Conditions.

Bacterial strains and plasmids are listed in Table 3. E. coli
strains were transformed by the method described by
Hanahan40 and cultivated in LB medium41 or in 2× YT
medium (16 g L−1 of tryptone, 10 g L−1 of yeast extract, and 5 g
L−1 of sodium chloride). E. coli DH5α40 was used for cloning
and screening purposes, and E. coli BL21 Star (DE3)
(Invitrogen, Karlsruhe, Germany) and derivatives were used
for gene expression and whole-cell biotransformation for sensor
establishment. Plasmids were selected by adding antibiotics to
the medium at a final concentration of 100 μg mL−1 of
ampicillin (pSenSox and derivatives) and 50 μg mL−1 of
kanamycin (pET28a).

Recombinant DNA Work. Standard methods, including
PCR and DNA restriction or ligation, were carried out
according to standard protocols.42 Oligonucleotides were
synthesized by Biolegio eV (Nijmegen, The Netherlands) and
are listed in Table 3. For construction of the plasmid-based
biosensor pSenSox, the E. coli DNA region encompassing the
soxR open reading frame, the soxR−soxS intergenic region, and
the first 21 codons of soxS were amplified with Phusion DNA
polymerase (Thermo Scientific) from chromosomal DNA of E.
coli BL21(DE3) by PCR using oligonucleotides SoxS_for_SphI
and SoxR_rev_SalI, which introduce SphI and SalI restriction
sites as well as a stop codon after codon 21 of soxS.
Additionally, the eyfp gene was amplified by PCR with

Figure 3. Flow cytometric analysis of E. coli cells with the soxR−soxS-
based NADPH sensor and different NADPH-dependent LbAdh
activities. (a) Combined fluorescence histograms of three E. coli
strains carrying either pSenNeg (blue, 0.03 U mg−1 LbAdh acitivity),
pSen-L194A (yellow, 2.7 U mg−1 LbAdh activity), or pSenSox (red,
6.28 U mg−1 LbAdh activity) after biotransformation for 19 h with 70
mM MAA. Gate P1 was used for differentiation of pSenNeg and
mutant or wild-type populations. (b) FACS-generated scatter plots
displaying the forward scatter signal (FSC) and the eYFP signal of E.
coli cells carrying pSenSox after reductive biotransformation of 20 mM
4M2P (left side) or 20 mM MAA (middle). On the right side, the
library of mutant LbAdhs was used for biotransformation of 20 mM
4M2P and then subjected to FACS. Gate P2 was used for mutant
screening.

Table 2. Properties of Wild-Type LbAdh and Variant LbAdh-
A93M for the Substrate 4-Methyl-2-pentanone

enzymea Vmax (μmol min−1 mg−1)b Km (mM)b

LbAdh 1.94 ± 0.02 0.11 ± 0.01
LbAdh-A93M 2.62 ± 0.03 0.88 ± 0.07

aEnzyme activities were determined with crude extracts of the
respective strains carrying either pSenSox or pSen-A93M. bMean
values and standard deviation from three replicates are given.
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oligonucleotides EYFP_for_SphI, containing a ribosome bind-
ing site, and EYFP_rev_ClaI using the vector pSenLys32 as
template, thereby introducing restriction sites for SphI and ClaI
digestion. Both PCR products were cloned into the plasmid
pBtacLbadh,8 resulting in plasmid pSenSox. For the con-
struction of pSenNeg, a 221 bp region of the adh gene of L.
brevis was amplified with the oligonucleotides ADH_negK_for
and ADH_negK_rev, introducing EcoRI and HindIII restriction
sites. The PCR product was cut with EcoRI and HindIII and
used to replace the functional adh gene in plasmid pSenSox by
a nonfunctional adh fragment. For individual saturation
mutagenesis of codons Ala93, Leu152, and Val195 within the
intact adh gene, the oligonucleotide pairs Ala93_for/Ala93_rev,
Leu152_for/Leu152_rev, and Val195_for/Val195_rev were
used according to the Stratagene site-directed mutagenesis kit
with the following modifications: DpnI (Fermentas) and PFX
polymerase (Invitrogen) were used. For random mutagenesis of
the entire adh gene, error-prone PCR (ep-PCR) was performed
using the oligonucleotide pair ADH_mut_for/ADH_mut_rev,
plasmid pSenSox as template, and Phusion DNA polymerase
using the protocol described by Wilson and Keefe.43 The PCR
products were cut with EcoRI and HindIII and used to replace
the native adh gene in pSenSox.
Whole-Cell Biotransformation in Microtiter Plates. For

biotransformation experiments with E. coli cells harboring
pSenSox or a derivative, 5 mL of 2× YT medium containing the
appropriate antibiotic(s) was inoculated with a single colony of
the respective strain and incubated overnight at 37 °C and 130
rpm. These precultures were used for inoculation of the main
cultures to an optical density at 600 nm (OD600) of 0.05. Main

cultures were grown in 50 mL of 2× YT medium in the
presence of the appropriate selection marker at 37 °C and 130
rpm to an OD600 of 0.3, induced with 1 mM IPTG when
required, and incubated for another 3 h to an OD600 between 5
and 6. For online monitoring of fluorescence during
biotransformation, 900 μL portions of the cultures were
transferred into 48-well microtiter Flowerplates, and the
cultures were supplemented with 100 μL of the biotransforma-
tion substrate dissolved in water and incubated in a BioLector
cultivation system (m2plabs GmbH, Aachen, Germany) at 30
°C and 1200 rpm (shaking diameter 3 mm). During cultivation,
biomass was measured as scattered light intensity (620 nm,
signal gain factor of 15). The eYFP fluorescence of the cultures
was measured at an excitation wavelength of 485 nm and an
emission wavelength of 520 nm (signal gain factor of 70). The
specific fluorescence was calculated as the ratio of eYFP
fluorescence/scattered light intensity (given in a.u.).44

Ninety-Six-Well Screening System. For screening ADH
activity, E. coli DH5α was transformed with the pSenSox
derivatives subjected to site-directed mutagenesis and plated on
LB agar plates containing 100 μg mL−1 of ampicillin. Single
colonies were inoculated into 200 μL of 2× YT medium in a
96-well plate and grown overnight at 37 °C and 800 rpm. For
the main culture, 5 μL of the preculture was inoculated into 145
μL of 2× YT medium in a 96-well plate. After 5 h, 40 mM
methyl acetoacetate (MAA) or 40 mM 4M2P was added to the
cells, and the fluorescence and the OD600 was measured every
hour for 4 h using a plate reader (TECAN, Infinite 200 PRO).
The specific fluorescence was defined as the fluorescence per
OD600.

Table 3. Strains, Plasmids, and Oligonucleotides Used in This Work

strains, plasmids, and
oligonucleotides relevant characteristics or 5′−3′ sequence

ref or restriction
site

Strains
Escherichia coli BL21 Star (DE3) F− ompT hsdSB(rB

−, mB
−) gal dcm rne131 (DE3) Invitrogen

Escherichia coli DH5α F− Φ 80ΔlacZΔM15 Δ(lacZYA-argF) U169 deoR recA1 endA1 hsdR17 (rk−, mk+) phoA supE44 λ− thi-1
gyrA96 relA1

Hanahan40

Plasmids
pBTac-Lbadh AmpR; pBtac1 derivative with adh gene from Lactobacillus brevis Ernst et al.8

pSenSox AmpR; pBtac-Lbadh derivative containing soxRS-based biosensor this study
pSenNeg AmpR; pSenSox derivative encoding an inactive LbAdh fragment this study
pSen-L194S AmpR; pSenSox derivative encoding LbAdh-L194S this study
pSenL194A AmpR; pSenSox derivative encoding LbAdh-L194A this study
pSenA93M AmpR; pSenSox derivative encoding LbAdh-A93M this study
pET28a KanR; plasmid used for provision of IPTG-inducible lacI gene Novagen
pSenLys KanR; pJC1 derivative containing lysGE-based biosensor Binder et al.32

Oligonucleotidesa

SoxS_for_SphI ATCTGCATGCTTACGGCTGGTCAATATGCTCGTC SphI
SoxR_rev_SalI GCTAGTCGACCAAACTAAAGCGCCCTTGTG SalI
EYFP_for_SphI AGAGGCATGCAAGGAGAATTACATGGTGAGCAAGGGCGAGG SphI
EYFP_rev_ClaI GCGCATCGATTTATTACTTGTACAGCTCGTCCATG ClaI
ADH_negK_for ACAAGAATTCGCTAAGAGTGTCGGCACTCC EcoRI
ADH_negK_rev GGCCAAGCTTCCGAAGAAGACACCATCAAG HindIII
Ala93_for GTTAATAACGCTGGGATCNNKGTTAACAAGAGTGTC
Ala93_rev GACACTCTTGTTAACMNNGATCCCAGCGTTATTAAC
Leu152_for GATCCTAGCTTAGGGGCNNKCAACGCATC
Leu152_rev GATGCGTTGMNNGCCCCTAAGCTAGGATC
Val195_for GACACCATTGGNNKATGACCTACCAGGGGC
Val195_rev GCCCCTGGTAGGTCATCAACMNNTGGTGTC
ADH_mut_for ATACGAATTCATGTCTAACCGTTTGGATGG EcoRI
ADH_mut_rev GTGTGAAGCTTACTATTGAGCAGTGTAG HindIII
aRestriction sites are underlined, coding sequences are shown in italics, and start or stop codons are shown in bold.
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Fluorescence Microscopy. Fluorescence microscopy was
performed according to Mustafi et al.33 Samples were placed on
a microscope slide coated with a thin aqueous 0.1% (w/v) poly-
L-lysine solution (Sigma-Aldrich GmbH, Munich, Germany)
and covered by a coverslip. Images were taken on a Zeiss
Axioplan 2 imaging microscope equipped with an AxioCam
MRm camera and a Plan-Apochromat 100×, 1.40 Oil DIC oil-
immersion objective. The exposure time was 500 ms. Digital
images were acquired and analyzed with AxioVision 4.6
software (Zeiss, Göttingen, Germany).
Fluorescence-Activated Cell Sorting. Flow cytometric

measurements were performed with a FACSAria II (Becton
Dickinson, San Jose, USA) with 488 nm excitation (blue solid-
state laser). Forward-scatter characteristics (FSC) and side-
scatter characteristics (SSC) were detected as small-angle and
large-angle scatters of the 488 nm laser, respectively. eYFP
fluorescence was detected using a 502 nm long-pass and a 530/
30 nm band-pass filter set. Data were analyzed using BD DIVA
6.1.3 software. The sheath fluid was sterile-filtered phosphate-
buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, and 1.8 mM KH2PO4). Electronic gating was set
to exclude nonbacterial particles on the basis of forward- versus
side-scatter area. For sorting eYFP-positive cells, the next level
of electronic gating was set to exclude nonfluorescent cells.
Background was estimated using cells with pSenSox (wild-type
LbAdh) for sorting eYFP-positive cells. For screening cells
having increased Adh activity with the substrate 4M2P, E. coli
DH5α was transformed with a pSenSox library containing
either site-directed or randomly mutagenized, via ep-PCR,
Lbadh. After transformation, plating on LB agar plates
containing ampicillin, and incubation for 18 h at 37 °C, the
colonies were resuspended in 10 mL of 2× YT medium and
diluted by a factor of 10 using 2× YT medium. Cells containing
nonmutagenized pSenSox were used as background control.
After 4 h of growth at 37 °C and 130 rpm, 20 mM 4M2P was
added to the cells, and incubation was continued for 2.5 h, after
which the cells were subjected to FACS.
Determination of Alcohol Dehydrogenase Activity. E.

coli strains carrying the desired plasmids were cultured for 5 h
at 37 °C and 130 rpm in 50 mL of 2× YT medium. Cells were
harvested by centrifugation for 5 min at 10 000g and 4 °C. The
cells were resuspended in 100 mM potassium phosphate buffer,
pH 6.5, with 1 mM dithiothreitol and 1 mM MgCl2. Cells were
disrupted at 4 °C by 3 × 15 s bead-beating with glass beads
(diameter 0.1 mm) using a Silamat S5 (Ivoclar Vivadent
GmbH, Germany), and crude extracts were centrifuged for 20
min at 16 000g and 4 °C to remove intact cells and cell debris.
The supernatants were used as cell-free extracts. Adh activity
was measured photometrically at 340 nm using different
dilutions of the cell-free extract using a mixture of 10 mM
MAA, 250 μM NADPH, and 1 mM MgCl2 in 100 mM
potassium phosphate buffer, pH 6.5. Reactions were started by
addition of cell-free extract. One unit of enzyme activity was
defined as the amount of enzyme catalyzing the oxidation of 1
μmol min−1 NADPH at 30 °C under the specified conditions.
Protein concentrations were determined by the method of
Bradford45 using bovine serum albumin as the standard. For the
determination of the Km values, substrate 4M2P was used at
concentrations of 0.1−10 mM. Km and Vmax values were
calculated using Lineweaver−Burk plots of the experimental
data.46
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