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Summary

1.1. Summary

Small-molecules made by microorganisms, such as amino acids, vitamins, organic acids or antibiotics
are industrially important substances. However, there are two major limitations in microbial strain
development. First, laborious plasmid constructions are usually involved in strain development.
Second, no general high-throughput screening methodology exists to identify a producer at the
single-cell level. In the present doctoral thesis these problems are addressed and applied to
Corynebacterium glutamicum.

The metabolite sensor pSenlLys was constructed. It uses the transcriptional regulator LysG of
C. glutamicum, as well as the promotor of its target gene lysE. Fusion with eyfp resulted in a graded
fluorescence output in response to the cytosolic L-lysine concentration, which increases in strains
with higher productivity. Turning the inconspicuous metabolite L-lysine into a conspicuous one
enabled the high-throughput screening of producing cells via fluorescent activated cell sorting
(FACS). A screening accuracy exceeding 91 % was determined by isolation of fluorescent cells out of a
population consisting of non-producing cells in a 10.000 fold excess over producing cells.
Furthermore, metabolite sensors were developed for the detection of L-serine and O-acetyl- L-serine
in C. glutamicum and L-arginine in E. coli. Single-cell analysis using metabolite sensors and FACS of L-
lysine producing strains is demonstrated, opening up a number of different possibilities for microbial
population analysis.

The established screening routine was used to isolate 270 fluorescent cells from a randomly
mutagenized population of C. glutamicum. 185 clones accumulated L-lysine in the range of 0.2 to 37
mM. Targeted sequencing of six genes from 40 of the 185 mutants resulted in 24 strains carrying
known mutations, or mutations in known genes, whereas in 16 mutants no known gene was
mutated. Sequencing the genomes of 10 mutants revealed that they carry between 36 and 268 SNPs.
In one strain the UDP-MurNac-tripeptide synthetase was mutated resulting in MurE-G81E.
Introduction of this, so far unknown, mutation into the genome of the wild type, and also into
defined L-lysine producers, caused an increased L-lysine production in all strains. Consequently, murE
is now the third gene in addition to lysC and hom which, when mutated alone, causes an increased L-
lysine production. Thus, the principle of the use of a metabolite sensor for high-throughput isolation
of new producers and identification of new targets has been demonstrated successfully.

Driven by the wish for rapid manipulation of the C. glutamicum genome, recombination-mediated
genetic engineering was developed. Recombineering is a highly efficient technology for rapid in vivo
genome engineering and does not rely on laborious vector constructions, but the use of ssDNA
oligonucleotides (oligos) or PCR-generated dsDNA fragments. A tester strain was constructed
containing a defective Kan® gene integrated in its genome. Five different recombinases were

expressed and tested for functionality in C. glutamicum using a 100-mer oligo recovering the Kan®
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gene. RecT of the E. coli prophage Rac was identified as a very efficient recombinase yielding 2x10°
kanamycin resistant cells. This means that the frequency of recombination in C. glutamicum under
optimized conditions is higher than standard transformation frequencies obtained with a plasmid.
Combination of both, recombineering and metabolite sensing using pSenLys, enabled the simple
and fast introduction of the lysC-T311l mutation and screening for producers carrying this mutation.
This mutation is known to cause L-lysine overproduction and it was efficiently introduced into the
genome using an appropriate oligo. In another experiment codon 81 of murE was targeted for in vivo
site directed saturation mutagenesis. In this case 20 different oligos were used at once to introduce
genetic diversity at this locus causing L-lysine overproduction. 21 recombinants were isolated, where
G in MurE position 81 was replaced by C, F, L, D, S, V, W, or Y, leading to increased productivities.
These experiments demonstrate the successful use and enormous potential of recombineering in
C. glutamicum, when used together with metabolite sensor-based producer isolation. The procedure
developed might represent a general and highly efficient strategy for rapid development of microbial

metabolite producers.

1.2. Zusammenfassung

Durch Mikroorganismen hergestellte Metabolite, wie z.B. Aminosduren, Vitamine, organische Sauren
oder auch Antibiotika, stellen wichtige industrielle Produkte dar. Allerdings ist die Entwicklung der
mikrobiellen Produzenten dadurch beschrankt, dass in der Regel aufwendig konstruierte Plasmide
benotigt werden und in vielen Fillen noch keine Methoden zum Hochdurchsatzscreening von
Produktionsstammen auf Ebene von Einzelzellen existieren. In der vorliegenden Dissertation werden
diese Probleme angegangen und die resultierenden Entwicklungen auf Corynebacterium glutamicum
angewandt.

Zunachst wurde der Metabolitsensor pSenLys konstruiert, der den Transkriptionsregulator LysG
und die Promotorsequenz des Zielgens lysE nutzt. Durch Fusion von eyfp mit dieser Promotorsequenz
zeigen Zellen als Antwort auf graduell erhéhte cytosolische L-Lysinkonzentration — dies ist bei
Stammen mit erhoéhter Produktivitdt der Fall ist — ein graduell erhéhtes Fluoreszenzsignal. Dies
ermoglicht das Hochdurchsatzscreening unterschiedlich produzierender Einzellzellen mittels
fluorescent activated cell sorting (FACS). Die Isolation von Produzenten aus einer Population mit
Nicht-Produzenten, die in 10.000 fachem Uberschuss vorlagen, ergab eine Sortiergenauigkeit von
mehr als 91 %. Weitere Metabolitsensoren fir die Detektion von L-Serin und O-Acetyl- L-Serin in
C. glutamicum und L-Arginin in E. coli wurden entwickelt. Hiermit wurde die Nutzbarkeit von
Metabolitsensoren fir die Einzellzell-Analytik demonstriert und eroffnet eine Vielzahl neuer
Moglichkeiten fir die mikrobielle Populationsanalyse. Die etablierte Screeningroutine wurde

erfolgreich eingesetzt, um 270 fluoreszierende Zellen aus einer mutagenisierten C. glutamicum
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Population zu isolieren. 185 Klone akkumulierten L-Lysin in Konzentrationen von 0,2 bis 37 mM. Die
Sequenzierung von sechs Genen aus 40 der 185 Mutanten flhrte zur Identifikation von 24 Stammen,
welche bekannte, aber auch neue Mutationen in diesen Genen aufwiesen. In 16 Stammen war keines
dieser Gene mutiert. Von insgesamt zehn dieser Stimme wurden die Genome sequenziert und pro
Genom zwischen 36 und 268 SNPs ermittelt. In einem dieser Stamme war die UDP-MurNac-Tripeptid
Synthetase an Position 81 mutiert, resultierend in MurE-G81E. Einfiihren dieser bislang unbekannten
Mutation in das Genom des Wildtyps, aber auch in definierte Lysinproduktionsstamme, fiihrte in
allen Fallen zu einer deutlichen Produktivitdtssteigerung. Es sind zwar verschiedene Gene bekannt,
die zu erhohter L-Lysinbildung fiihren, allerdings ist die hier beschriebene murE-Mutation, neben
Mutationen in lysC und hom, bislang die erste neue Mutation, die als alleinige Mutation im
Wildtyphintergrund zu erhéhter L-Lysinbildung fihrt.

Zur schnellen Manipulation des C. glutamicum Genoms wurde anschlieBend recombination-
mediated genetic engineering (recombineering) entwickelt. Recombineering ist eine hoch effiziente
Technologie zur schnellen in vivo Manipulation von Genomen. Diese unterliegt im Gegensatz zu
herkdmmlichen Methoden nicht der Nutzung aufwendiger Vektorkonstruktionen, sondern benétigt
lediglich den Einsatz von Oligonukleotiden (Oligos) oder auch PCR-Fragmenten. Ein Teststamm wurde
konstruiert, bei dem ein defektes Kan® Gen im Genom integriert wurde. In diesem Stamm wurden
funf unterschiedliche Rekombinasen exprimiert und mit Hilfe von 100-mer Oligonukleotiden, welche
die defekte Kan-Sequenz bei erfolgreicher Integration reparieren, auf Funktionalitat hin Gberprift.
RecT aus dem E. coli Prophagen Rac wurde als auRerordentlich effiziente Rekombinase identifiziert.
Insgesamt konnten in einem Ansatz 2x10° Kan-resistente Zellen erzeugt werden. Dies bedeutet, dass
die erreichte Rekombinationsfrequenz in C. glutamicum hoher ist, als die mit Plasmiden erreichten
Transformationseffizienzen.

Darliber hinaus ermoglichte recombineering in Kombination mit dem Metabolitsensor pSenLys
und der FACS Routine die Generierung und direkte Isolation produzierender Zellen, welche die lysC-
T311l Mutation tragen. Von dieser Mutation ist bekannt, dass sie zur L-Lysiniberproduktion fihrt
und sie wurde mittels Oligos in das Genom eingefiigt. In einem weiteren Experiment wurde das
Codon 81 von murE in vivo durch site directed saturation mutagenesis modifiziert. Hierfir wurden 20
unterschiedliche Oligos genutzt, um an diesem Lokus, in einem einzigen Ansatz, genetische Diversitat
zu erzeugen, welche zur L-Lysinproduktion fihrt. Insgesamt konnten 21 rekombinante Stamme mit
erhohter L-Lysinbildung isoliert werden, bei denen G in MurE an Position 81 durch C, F, L, D, S, V, W
oder Y ausgetauscht wurde. Diese Experimente demonstrieren den erfolgreichen Einsatz und das
enorme Potential von recombineering in C. glutamicum in Kombination mit sensor-basierter
Produzentenisolierung. Die entwickelte Methode kénnte zukinftig eine universelle und effiziente

Strategie darstellen, um mikrobielle Metabolitproduzenten in hoher Geschwindigkeit zur entwickeln.



Introduction

2. Introduction

2.1. Fermentative production of small-molecules

Small-molecules made by microorganisms, such as amino acids, vitamins, organic acids or antibiotics
are industrially important substances. According to the “New Report by Global Industry Analysts, Inc.
2012” the global market for “fermentation chemicals” is projected to exceed US $48 billion by 2015
with a compound annual growth rate of 6 % [2, 3].

Aside from small-molecules, which are naturally synthesized as building blocks for growth of
microorganisms and which can be produced on an industrial scale, the biosynthetic capacity of
microorganisms is also increasingly used for the production of small-molecules not naturally made by
them. Examples are pharmaceuticals normally synthesized in plants. Furthermore, the production of
biofuels not made by microorganisms, or at least not made in high concentrations, is a theme in
modern microbial biotechnology [4-6]. Examples for production of pharmaceuticals are strains of
Escherichia coli, which have been developed for the production of amorpha-4,11-diene. This is a
precursor of artemisinin, effective for the treatment of malaria [4], or for taxadiene production, an
intermediate of the anticancer compound taxol [5]. The combination of the successful application of
microbial synthesis, progress in synthetic biology and changes in global economy, which necessitate
intensified use of renewable raw materials, indicate that microbial metabolite production will
continue to expand. In the following thesis, the focus will be on amino acid production by
microorganisms and in particular L-lysine production. Annually about 1,800,00 tons of L-lysine are

produced, mainly with Corynebacterium glutamicum [2].

2.1.1. Industrial relevance of L-lysine and other amino acids

Amino acids represent major industrial products derived by fermentation of bacteria. For 2015, the
global market for amino acids is predicted to reach US $ 11.6 billion [2]. Growing demand for amino
acids as feed additives, health food, dietary supplements, artificial sweeteners, and cosmetics is
expected to further fuel market growth in the coming years.

Animal feed additives represent a large market for amino acids. Generally, feed additives are used
to provide poultry, swine, and other animals with adequate nutrients to offer an optimal balanced
diet. For this purpose, amino acids such as L-lysine, L-methionine, L-tryptophane, and L-threonine are
used. Usually L-methionine is the first limiting amino acid in feed, followed by L-lysine, L-threonine,
and L-tryptophan. The particular use and dose of amino acids in the feed composition depends on
several factors, like for instance, on the source of the protein content in the diet (corn or soja), from

the age of the animal, and the type of animal, as well.
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With an annual production of 2,300,000 tons sodium glutamate represents the largest product
segment within the amino acid market. Opposed to the amino acids L-lysine, L-methionine, L-
tryptophan, and L-threonine, L-glutamate is a non-essential amino acid. However, monosodium
glutamate is responsible for the specific “umami” taste [7]. Particularly in Asia it is used as flavor
enhancer, where this flavor is highly appreciated. But it is also used for roasted peanuts, corn flakes,
and similar products to increase the specific “umami” taste.

L-lysine represents the fastest growing amino acid segment with a compound annual growth rate
of 5.4 %. The reason is the increasing demand for meat, in particular in China and South America.
Moreover, L-lysine, as well as all of the other proteinogenic amino acids, is also used for

pharmaceutical products and amino acid-based elemental diets for humans.

2.1.2. Biosynthesis and production of L-lysine by Corynebacterium glutamicum

Corynebacterium glutamicum was isolated in 1957 as an L-glutamate producing microorganism [8].
Soon after its discovery, experiments were done to produce also other amino acids with this
bacterium. In 1961, it was reported that a homoserine auxotrophic mutant of C. glutamicum [9] and
a methionine-threonine auxotrophic mutant [10] produced L-lysine. From the 1960s to the 1970s, the
biosynthesis of L-lysine in C. glutamicum and the mechanism of L-lysine overproduction were
investigated intensively in the wild type, as well as in mutants obtained by undirected mutagenesis.
With the subsequent advent of recombinant technology available to C. glutamicum, a deeper
understanding of L-lysine synthesis and on the relevance of mutations for increased L-lysine synthesis
was obtained.

Strain improvement for L-lysine synthesis with C. glutamicum has been achieved by overcoming
limiting reactions within the L-lysine biosynthesis pathway [11, 12], reducing competing reactions,
increasing the supply of NADPH [13, 14] or of precursor metabolites [15], and increase in sugar
uptake [16], as well. The most relevant mutations known for L-lysine-producing strains are associated
with L-aspartate kinase (lysC) and homoserine dehydrogenase (hom). Aspartate kinase is the key
enzyme that regulates the metabolic flux to the L-aspartate family of L-amino acids through feedback
inhibition of the enzyme activity by L-lysine together with L-threonine, while the homoserine
dehydrogenase directs the flux to L-lysine or to L-threonine, L-methionine, and L-isoleucine. A number
of point mutations in lysC are known leading to a deregulated, feedback-resistant L-aspartate kinase
and therefore to L-lysine overproduction. A single mutation in hom is known, V59A, decreasing the
dehydrogenase activity, which leads to reduced L-threonine synthesis. Therefore, the flux is directed
towards L-lysine and additionally feed-back inhibition of the kinase by L-threonine is reduced [17, 18].
Amplification of dapA [11, 12], encoding dihydrodipicolinate synthase (DDPS), or dapB [19], encoding

dihydrodipicolinate reductase, also leads to L-lysine overproduction.
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For L-lysine synthesis oxaloacetate and pyruvate are important precursors. Therefore, the
availability of these precursors effect the efficiency of L-lysine production. An increased expression of
pyc, encoding for pyruvate carboxylase, in an L-lysine-producing C. glutamicum strain increases the L-
lysine production due to higher pyruvate availability [15]. Deletion of pck prevents oxaloacetate
from beeing decarboxylated by phosphoenolpyruvate carboxykinase, and therefore leading to an
increase in the L-lysine production in a producer [20]. Another way to improve precursor supply and
influencing the flux towards oxaloacetate is by downregulating the TCA cycle. This can be performed
by downregulation of the icd gene, encoding isocitrate dehydrogenase [19], or of the gltA gene,
encoding citrate synthase [21]. These results indicate that the enzymes at the anaplerotic node are
important for metabolic engineering of L-lysine producing strains.

NADPH is an important reduction equivalent of anabolism and is highly required for L-lysine
biosynthesis. Four moles of NADPH are required for the biosynthesis of one mole of L-lysine from
oxaloacetate and pyruvate [22]. Using mutated alleles of gnd, encoding glucose-6-phosphate
dehydrogenase [23], and zwf, encoding 6-phosphogluconate dehydrogenase [23], increases the
activity of the pentose-phosphate pathway and therefore higher amounts of NADPH are generated in
the cell. Overexpression of the gluconeogenic enzyme fructose 1,6-bisphoshatase (fbp), together
with the entire transketolase (tkt) operon, has been proven to be successful [19] for redirecting the
carbon flux into the pentose phosphate pathway

In a recent approach, twelf individual targets, known to be of relevance for increased L-lysine
formation of C. glutamicum (Fig 1), were combined by molecular methods to create a defined
producer [19]. Four point mutations, lysCT311l, hom V59A, pycP458S and a silent mutation in icd,
leading to an altered start codon, were introduced and the genes lysCT311l, dapB, pycP458S, fbp and
the tkt operon were upregulated by exchanging their native promotor with the strong sod promotor.
Futhermore, pck was deleted and a second copy of the ddh gene, encoding diaminopimelate
dehydrogenase, as well as lysA, encoding diaminopimelate decarboxylase, was integrated into the
genome. The resulting strain C. glutamicum Lys-12 accumulated about 120 g I L-Lysine [19].

However, with industrial strains still far higher concentrations of L-lysine are achieved [24].
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Figure 1: L-lysine biosynthesis and metabolic engineering for the design and creation of a genetically defined C. glutamicum
strain for L-lysine production. Strain engineering started from the non-producing wild-type C. glutamicum ATCC 13032. All
modifications were implemented into the genome. Gray boxes represent the targeted modifications of the genes. The
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2.2. Development of small-molecule producing bacteria

Usually the metabolism of native bacteria is carefully controled in order to avoid waste of energy and
to prevent excessive formation of building blocks, not needed for growth. Therefore, developing
small-molecule producing bacteria requires genetic manipulations leading to overproduction of the
desired metabolite. Traditionally, such manipulations have been achieved through undirected
mutagenesis and selection, frequently used in several rounds. Also protoplast fusion techniques have
been used to combine advantageous mutations of strains, derived by undirected mutagenesis [25].
Such approaches yielded a number of mutant alleles, which still form the basis in a number of
approaches used in recombinant DNA technology. In addition, recombinant DNA technology offers a
variety of techniques, which, together with traditional methods, provide powerful tools for the

development of small-molecule producing strains.

2.2.1. Diversity generation

2.2.1.1. Classical approach: random mutagenesis

Production strains used in industrial fermentation processes have traditionally been developed by
repeated random mutagenesis and selection [26, 27]. For this purpose, N-methyl-N'-nitro-N-
nitrosoguanidine (MNNG) has been the mutagen of choice [28]. Further mutagens to mention are
methylmethane sulfonate (MMS), ethylmethane sulfonate (EMS), hydroxylamine (HA), and
ultraviolet light. For introducing mutations into a strain the population is treated with a mutagenic
agent until a certain “desired” kill is obtained. Survivors from the population are randomly picked
and tested for their ability to produce the metabolite of interest. Two examples for such classically
derived L-lysine producers are C. glutamicum B-6 [29] and C. glutamicum MH22-B [30].

This method offers a significant advantage over molecular engineering. No knowledge of the
biosynthetic pathway or genetics of the producing microbe is required. Furthermore, this kind of
mutagenesis is whole-genome directed. The current knowledge is always predetermined by the
current status of research and might still miss unknown targets important for production. An
example might be the recently discovered fact, that a mutation in ribonuclease G of E. coli results in a
marked improvement of the production of L-lysine and L-threonine [31]. The major drawback of this
method is the accumulation of secondary, unnecessary mutations in the genome over the course of
repeated cycles of mutagenesis. Because of this, production strains generally have a weak

performance with respect to growth, sugar uptake, and genetic stability.
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2.2.1.2. Recombinant DNA techniques and metabolic engineering

Advances in genetic engineering have enabled a far more rational approach for strain improvement
than the classical approach via mutagenesis and screening, namely introduction of directed genetic
changes through recombinant DNA technology. In recent years, additional new techniques, which
increase the options available to improve the production of microbial metabolites, have been
developed including systemic approaches like proteomics, transcriptome analysis, and whole
genome sequencing, as well as further techniques. However, in many cases the basis for a very good
producer strain still is a classical producer, or even a pool of classically derived producers, derived by
undirected mutagenesis. This is very well documented in case of L-lysine synthesis, where systemic
approaches were used to analyse classical strains and in conjunction with recombinant DNA
technology excellent producer strains were generated.

In this approach, called “genome based strain reconstruction”, strains were generated only
carrying mutations responsible for overproduction. These strains are devoid of the many unknown
mutations accumulated by undirected mutagenesis and screening, causing poor growth. The
industrial L-lysine producer C. glutamicum B-6 was sequenced to identify mutations leading to L-
lysine production [32]. Sequence comparison of alleles in the relevant terminal pathways from L-
aspartate with their wild-type counterparts revealed that point mutations occurred in hom and lysC.
The mutations were introduced separately into a wild type by allelic replacement. Strain HD-1,
carrying homV59A, accumulated about 10 g I* and strain AK-1, carrying lysCT311l, accumulated
about 50 g I'*. Combining these mutations leads to 70 g I L-lysine (strain AHD-2). Three specific
mutations, pycP458S in the anaplerotic pathway, gndS361F in the pentose phosphate pathway, and
mqoW224o0pal in the TCA cycle, were defined as positive mutations for improved production. They
were then introduced, one by one, into the AHD-2 genome, resulting in a step-wise increase of final
L-lysine titers. The resulting strain AGM-5 produced nearly 100 g I L-lysine and showed several
advantages in comparison to the industrial producer, such as a high rate of sugar consumption, or
improved stress tolerance. But, strain AGM-5 still could not attain similar L-lysine production levels as
the classical producer B-6. Transcriptome analysis of B-6 and AGM-5 indicated that global regulatory
effects, not directly linked to the biosynthesis of L-lysine, are present in the classically derived strain,
which have a positive influence on L-lysine synthesis [32].

Another example of strain construction, as already mentioned above, was the implementation of
twelve defined changes in genes, encoding central metabolic enzymes, redirected major carbon
fluxes as desired towards the optimal pathway usage. The final engineered strain was able to
produce L-lysine with a yield of 0.55 g per gram of glucose (120 g I'*) in fed-batch culture [19]. This
again illustrates the benefits of combining classical and modern techniques in strain construction, but

also the fact that modern technologies still cannot replace classical methods.
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2.2.2. Screening for small-molecules

Whereas methods for diversity generation of plasmids or strains allow for a large number of variants
to be created [33], this is not the case for technologies directly generating small-molecule producers.
The reason is that always a screening step is required. In most cases laborious cultivations of
individual clones, followd by determination of product formation using low-throughput technologies,
such as chromatography, mass spectrometry, or NMR is necessary decreasing a possible throughput
dramatically. There is no general technology for the direct screening of small-molecule producers.
One reason is that small-molecules, such as amino acids, usually do not confer a phenotype, thus
preventing the use of high-throughput colorimetric and fluorometric assays. For that reason,
screening and selection processes for small-molecule producers are still lagging behind those for
diversity generation. Screening and selection represent the most significant bottlenecks in strain

development [33].

2.2.2.1. Plate-based screens

Plate-based screens are traditionally those, where petri dishes are used, but also include those
performed in microtiter plates in liquid media. The throughput for assays in microtiter plates is
moderate, approximately 10* cells per experiment. Screening of colonies on solid media provides a
higher throughput, in particular, when selection for growth is possible. With modern robotics up to
10° variants can be screened per experiment [33]. One of the very rare examples for a plate-based
assay is the screening of lycopene producing bacteria. Lycopene colors cells red and it allows visual
inspection of colonies for detection of clones, which are colored more intensely [34]. However, most
metabolites, including amino acids, are not natural chromophores and cannot be detected directly.
Screening for strains with increased amino-acid production requires the cultivation and analysis of
the cultivation-broth for amino acid formation. In microtiter plate assays inconspicuous small-
molecules may be visualized by using enzyme-coupled assays. Such photometric assays have been
described for quantification of many enzyme cofactors, like ATP and ADP [35-37], reduced and

oxidized states of NAD and NAPD [38, 39], and free coenzyme A [40].

2.2.2.2. Auxotrophic strains

Strains, auxotrophic for essential small-molecules, are natural biosensors and have long been used to
build selection assays [41]. For example, an engineered producer strain expressing the target
pathway is co-cultivated with a reporter strain. This strain constitutively expresses an
autofluorescent protein and is auxotrophic for an essential metabolite, found in the target pathway.
When the reporter strain is able to grow, the fluorescence of the culture can be quantified, which is
coupled to the metabolite yield, achieved by the producer strain. This strategy was successfully

employed in the development of a whole-cell biosensor for mevalonate [42].
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2.2.2.3. Fluorescence-activated cell sorting (FACS) for screening

The technique offering the highest throughput is flow cytometry, which in combination with cell
sorting allows the direct isolation of cells with altered fluorescence. Fluorescence-activated cell
sorting (FACS) is a method, which enables the simultaneous measurement of multiple physical and
chemical/biological characteristics of single cells. The flow cytometer fluidics system transports
particles in a fluid stream, one cell at a time at high speed, to a laser beam for the interrogation of
particle properties. Cell properties measured include the relative size, internal complexity, and
relative fluorescence intensity of the specific fluorescent molecule being interrogated. Fluorescent
dyes can be used to label cellular components directly or indirectly (e.g. using antibodies), such as
DNA, surface proteins/receptors, intracellular structural proteins and enzymes, specific nucleic acids,
membrane properties and ion fluxes, secreted proteins, or small-molecules. While not all of these
have been widely applied to bacteria, the potential of such applications is becoming increasingly
apparent [33].

While throughput is restricted to 10° cells using other approaches, FACS-based screening
increases the throughput to more than 10° variants per experiment [33]. The major pre-requisite for
a FACS-based screen is that the producing cell has to produce an optical output in response to the
concentration of the small-molecule of interest. Many small-molecules are not natively fluorescent
or chromophoric. Thus, a universal high-throughput screening platform for small-molecules does not
exist. Genetically encoded biosensors can transform inconspicuous small-molecule inputs into optical
outputs by expressing an autofluorescent protein as reporter. For this purpose, i.e. aptamers [43]
and FRET biosensors [44] can be engineered for small-molecule detection. Another promising
strategy is the use of transcription factors. These proteins regulate the transcriptional output of their
target promoter in response to ligand binding, which in many cases is a small-molecule. While the
use of transcription factors, to construct whole-cell biosensors for the detection of environmental
small-molecule pollutants, have long been used [45], this same approach has remained largely
untranslated with respect to single-cell analysis and library screening. In one example, whole cultures
were enriched for a mutated transcription factor, exhibiting fluorescence in response to mevalonate
[46]. In this manner, a transcription factor with new specificity was generated. The generated
mevalonate sensor was not used in FACS screenings for the isolation of mutants with increased
mevalonate synthesis. Instead, a petri dish based assay was used to visually inspect colony colors in
response to mevalonate-induced /acZ expression [47].

In a recent approach, engineered RNA switches were used to link metabolite concentrations and
GFP expression levels in Sacharomyces cerevisiae [48]. Using such a sensor, large enzyme libraries in
cells were screened to increase caffeine demethylase enzyme activity in vivo 33 fold using

fluorescence.
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2.3. Genetic tools for genome engineering

2.3.1. Homologous recombination using non-replicative integration vectors
For industrial production processes it is not desirable that strains carry plasmids. As a consequence,
advantageous mutations and genes have to be integrated into the genome. In the case of
C. glutamicum and many other bacteria this is achieved by the use of non-replicative vectors,
carrying sequences homologous to chromosomal sequences [49]. This can be used for allelic
exchange (deletion, substitution, integration). The basic features of this method are that the vector
requires two rounds of positive selection for homologous recombination [50], and that it carries an
insert with chromosomal sequences upstream and downstream of the sequences to be deleted or
exchanged.

For example, the non-replicative integration vector pK19mobsacB in use for C. glutamicum carries
a Tn5-derived kanamycin resistance cassette (KanR) and a modified sacB gene of Bacillus subtilis.
Since this vector does not possess a replicon for C. glutamicum, and homologous recombination is a
rare event, transformation efficiencies are very low. The KanR gene enables positive selection of
recombinant cells carrying the integrated plasmid after electroporation. The sacB gene encodes
levansucrase, whose activity is lethal for C. glutamicum in the presence of sucrose. Therefore, sacB
enables selection for the loss of vector sequences from the recombinant strain. For allelic exchange,
the part to be exchanged should be flanked by sequences of about equal size of 300 to 500 bp each
corresponding to genomic sequences [24].

The major drawback of this method is that it is extremely laborious and ineffective. First, the
integration vector has to be constructed and second, integration via selection and counter-selection
demands manual picking of many hundreds of clones. Unfortunately, for C. glutamicum this method

is currently the only available method for genome engineering.

2.3.2. Recombination-mediated genetic engineering (Recombineering)

In recent years, recombineering as a surprisingly simple technique to manipulate the genome of
E. coli was developed. It is indisputable that recombineering can be regarded as a breakthrough
technology to promote efficient homologous recombination. It is a highly efficient technology for
rapid in vivo genome engineering. It does not rely on vectors and therefore not on the laborious in
vitro use of restriction enzymes and DNA ligases for vector construction [51, 52]. It allows for genetic
modifications of the genome, such as that described before, using non-replicative vectors. It only
requires the expression of specific phage-derived genes in the host and can be performed by

electroporation of PCR products or even synthetic single-strand DNA oligonucleotides (oligos).
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In E. coli the proteins required for recombination are either the Red proteins of phage A [51-53] or
RecET from the prophage Rac [54]. RecET functions are encoded by two adjacent genes, recE and
recT, present on the cryptic Rac prophage, found in the genome of many E. coli K-12 strains [55].
RecE is a 5’-3’ exonuclease, which degrades the 5’ ends of linear duplex DNA, creating 3’ single-
strand DNA overhangs [56, 57]. RecT is a single-strand annealing protein (SSAP), which binds to these
ssDNA overhangs, pairs them with complementary ssDNA [58-60] and then induces homologous
recombination. The phage A derived Red proteins, Exo and Beta, are homologs of RecE and RecT.
Beta and RecT, as well as Exo and RecE, have similar functions (Fig. 2). An additional third protein of
the A system is Gam, which increases recombineering frequencies by preventing RecBCD nuclease
from degrading double-stranded linear DNA fragments. A Gam homolog is not present in the
prophage Rac recombineering system, but Gam is also not necessary in recombineering applications
using oligos as DNA substrates. In contrast to RecA dependent homologous recombination, RecT
does not require the RecA protein [61]. This proves useful, as after recombineering functions have
been briefly expressed to allow recombination, expression can be shut off to prevent further

homology-dependent rearrangements.

= | = Figure 2: Overview of bacteriophage
recombination system used for recombineering
* éi} Exo binds to linear DNA [1]. Exo has a 5" to 3’ dsDNA exonuclease activity,

ox which can generate 3’ overhangs on linear DNA.
&:m Beta binds the single stranded DNA (3’
L 4 overhangs), promotes single strand-annealing
‘ 5’ to 3 exonuclease activity of exo and generates recombinant DNA. An additional
generates 3" overhangs N .

protein, Gam (not shown here), which prevents
RecBCD nuclease from degrading double-strand
linear DNA fragments, increases recombineering
with dsDNA in E. coli. For ssDNA recombineering

only Beta, respectively RecT, is required.

3 el T
* 688 Beta binds to 3" single stranded DNA

+

O Target DNA
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For recombineering, either a double-stranded DNA (dsDNA), such as a PCR product [62-64], or a
single-stranded DNA (ssDNA), such as an oligonucleotide can be used. [61, 65-67]. The ssDNA must
carry short ~50 bp segments homologous to the target sequences. These linear ssDNA substrates are
recombined precisely in vivo by the phage proteins with the target genomic DNA. When linear dsDNA

is used for recombination, both, the exonuclease RecE or Exo, and the SSAP RecT or Beta, are
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required. In contrast, recombineering with an oligo just requires the expression of an SSAP [61, 67,
68]. In general, ssDNA oligo recombination is mechanistically simpler and more efficient than dsDNA
recombination. Due to the power of recombineering, Red and A related proteins were also searched
in other bacteria. This led to the demonstration of recombineering in selected bacteria, such as
Mycobacterium tuberculosis [69], Pantoea ananatis [70], Bacillus subtilis [71], Lactobacillus reuteri

and Lactococcus lactis [72].

2.4. Aims of this work

In strain development, screening and selection processes still represent the most significant
bottleneck. Moreover, the introduction of specific mutations in the chromosome of C. glutamicum is

cumbersome.

Development of metabolite sensors based on transcriptional regulators

The major goal of the work was the development of a small-molecule sensor, based on a
transcription factor, and the demonstration of its use in strain development. The sensor should be
based on the transcriptional regulator LysG, sensing cytosolic levels of L-lysine in C. glutamicum, and
in response to increased concentrations drives transcription of its target gene lysE. Fusion of the lysE
promotor with eyfp should transmit the concentration into fluorescence, as an optical output.
Subsequently, the L-lysine sensor should be assayed in high-throughput screenings of a
C. glutamicum population using FACS for isolation of new L-lysine producing mutants, after chemical
mutagenesis of the wild type. This should be followed by further analyses, such as whole-genome

sequencing, identification of new mutations, and strain reconstructions.

New applications for strain development

Another goal of this work was to establish recombineering in C. glutamicum to introduce rapidly
genomic mutations. Furthermore, the use of recombineering together with metabolite sensors and
FACS-based high-throughput screening should be assayed as a combination of new technologies to
investigate, whether the link of rapid introduction of target specific mutations in the chromosome
with the rapid selection of producer cells from a large library is possible. This would open up entirely

new perspectives for engineering bacterial strains, producing small-molecules of industrial relevance.
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Abstract

in plasmids or genomes.

We present a novel method for visualizing intracellular metabolite concentrations within single cells of Escherichia
coli and Corynebacterium glutamicum that expedites the screening process of producers. It is based on transcription
factors and we used it to isolate new L-lysine producing mutants of C. glutamicum from a large library of
mutagenized cells using fluorescence-activated cell sorting (FACS). This high-throughput method fills the gap
between existing high-throughput methods for mutant generation and genome analysis. The technology has
diverse applications in the analysis of producer populations and screening of mutant libraries that carry mutations

Background

Since the first demonstration of microbial product for-
mation more than a century ago [1], vitamins, antibiotics,
nucleotides, amino acids and organic acids have been
produced in ever increasing quantities. For example,
about three million tonnes of sodium glutamate are pro-
duced each year as a small microbial molecule. Bacterial
synthesis is increasingly also used for the production of
small molecules not naturally made by bacteria, such as
pharmaceutical intermediates [2,3] or biofuels [4]. The
combination of the successful application of microbial
synthesis, progress in synthetic biology and changes in
the global economy that necessitate intensified use of
renewable raw materials indicates that microbial metabo-
lite production will continue to expand.

Microorganisms are not naturally designed for profit-
able metabolite formation, however, and there is an unre-
lenting need to optimize strains and pathways. Current
strain improvement strategies make use of a variety of
methods for engineering and isolating microbial variants
with the desired traits. These techniques fall into two
major categories: ‘rational’ methods, which involve the
targeted alteration of known genetic information; and

* Correspondénce: I:eggeling@fz—jue!ich.de
Institut fur Bio- und Geowissenschaften, IBG-1: Biotechnologie,
Forschungszentrum Julich GmbH, D-52425 Jiilich, Germany

( BioMed Central
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‘random’ approaches, which are typically based on the
creation of mutant libraries containing nondirected
changes in genotype with subsequent screening for phe-
notypes of interest. Both approaches have been successful
but the use of mutant libraries has proven to have dis-
tinct advantages. The reason is that the exact genomic
mutations necessary to adapt the cellular metabolism for
increased product synthesis are often difficult to predict,
and that ‘rational’ methods are restricted to known tar-
gets. Random approaches with subsequent screening for
the phenotype of interest enable us to overcome these
difficulties. They have made possible the commercial-
scale production of a variety of compounds, such as the
unrivaled formation of succinate by Escherichia coli [5]
or riboflavin by Bacillus subtilis [6]. Random and combi-
natorial approaches were also profitably used for the
development of plasmid-encoded targets for the optimi-
zation of pathway flux in E. coli. This has been demon-
strated with amorpha-4,11-diene production [2], which is
an artemisinin precursor that is effective for the treat-
ment of malaria, or with taxadiene production [3], an
intermediate of the anticancer compound taxol.

However, with few exceptions, the evaluation of methods
that utilize random approaches currently requires the culti-
vation of individual clones to determine production prop-
erties. This presents an obstacle. While high-throughput

© 2012 Binder et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.



Results

Binder et al. Genome Biology 2012, 13:R40
http://genomebiology.com/2012/13/5/R40

(HT) techniques for introducing genetic diversity and for
product analysis or sequencing are well developed [7],
comparable strategies for the identification and isolation of
high-producer bacterial cells are still lacking. The opportu-
nity to directly monitor product formation within single
cells in vivo would add a new dimension to the characteri-
zation and development of microbial producers.

Here, we present examples of the monitoring of intra-
cellular metabolite concentrations in single bacterial cells
and demonstrate in an HT screen the isolation of new
bacterial producer cells, as well as the identification of
novel mutations based on whole-genome sequencing.
The sensors we use are based on transcription factors
(TFs) that regulate the transcriptional output of a target
promoter in response to a cytosolic metabolite. Whereas
the use of TFs to construct whole-culture biosensors for
the detection of environmental small-molecule pollutants
has long been established [8], this same approach has
remained largely untranslated with respect to single-cell
analysis and library screening. TFs are naturally targeted
to a variety of small ligands, ranging from amino acids to
sugars, sugar phosphates, vitamins, antibiotics, oxoacids
and lipids [9]. They can also be engineered to obtain
altered specificity [10,11], as recently summarized in a
comprehensive review [12]. Coupling transcription of the
target gene to a reporter protein provides a molecular
device for recognition. This has already been successfully
applied for screening in plate-based assays using colony
color or colony size [10,13], for instance. Here we make
full use of intracellular recognition of a specific metabo-
lite in single cells by applying an autofluorescent protein
as reporter and also fluorescence-activated cell sorting
(FACS). This enables the isolation in HT screens of new
bacterial small-molecule producers with random muta-
tions introduced into the genome that enhance produc-
tion of the molecule of interest, and we present an
example of this.

Results

Schematic of approach

The workflow for HT selection of genomic variants of
metabolite producers consists of the following steps: a)
design of a suitable metabolite sensor, b) generation of
genetic diversity in genomes of cells carrying the sensor,
c) screening of the mutant library and selection of single
producer cells via FACS, d) verification and characteri-
zation of mutants, and e) sequencing for target identifi-
cation. We developed sensors for intracellular detection
of basic amino acids, as well as of L-serine and O-
acetyl-serine, and demonstrated the feasibility of the
approach by isolating bacteria producing L-lysine from a
library of randomly mutagenized wild-type (WT) cells,
culminating in the identification of new useful muta-
tions by whole-genome sequencing.
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Design of L-lysine sensor

To develop a sensor suitable for intracellular L-lysine
detection, we focused on the LysR-type transcriptional
regulator (LTTR) LysG of Corynebacterium glutamicum.
This protein senses elevated concentrations of basic
amino acids, causing transcription of its target gene lysE,
which encodes a basic amino acid exporter [14]. To
explore the application of this native regulatory device to
the conversion of an intracellular metabolite concentra-
tion into an optical output, we characterized the interac-
tion of LysG with its target region upstream of lysE in a
series of electrophoretic mobility shift assays (Figure S1
in Additional file 1). These data were used to construct
the metabolite sensor pSenLys shown in Figure S2 in
Additional file 1. It contained lysG, together with the
LysG-binding site in front of the /ysE promoter driving
transcription of eyfp coding for enhanced yellow fluores-
cent protein (EYFP). In addition, Py, -driven crimson was
incorporated as a second fluorescence protein in the vec-
tor backbone. All strains and plasmids are listed in Table
S1 in Additional file 1.

Characterization of L-lysine sensor

The WT of C. glutamicum does not excrete L-lysine but
there is a genealogy of defined mutants that exhibit
increased L-lysine productivity [15]. We determined the
cytosolic L-lysine concentration by silicone oil centrifu-
gation and the response of pSenLys in these strains. The
WT had a cytosolic L-lysine concentration below 5 mM,
while the defined producers had steady-state concentra-
tions ranging from roughly 8 to 25 mM (Figure 1a). A
clear increase in specific EYFP fluorescence in cultures is
seen with increasing cytosolic L-lysine concentration. As
evident from microscopic inspection (insets in Figure 1la),
pSenLys is a tool for visualizing cytosolic L-lysine con-
centrations also within single cells. The range of the cyto-
solic L-lysine concentration covered translates into a
dynamic range of signal output of 8.3-fold.

The fluorescence signal from the pSenLys sensor also
correlates with the extracellular L-lysine concentration
that accumulates after glucose is consumed (Figure 1b).
One instructive exception to this is strain DM1920,
which accumulates extracellular L-lysine at concentra-
tions comparable to that of DM1919 despite displaying
lower fluorescence due to lower cytosolic concentrations
of L-lysine. This is due to altered L-lysine export: Strain
DM1919 has one copy of the exporter gene [ysE and an
export rate of 10.1 + 0.4 nmol minute™* mg(dry weight) *
(Figure 1c), whereas strain DM1920 has two copies of
lysE (Table S1 in Additional file 1), which results in an
increased rate of export of L-lysine of 12.1 + 0.6 nmol
minute” mg(dry weight) %, and thus reduced cytosolic
concentration. This observation provides an opportunity
of influencing the read-out properties of a sensor that
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Figure 1 Characterization of lysine sensor and lysine-producing recombinant cells. (a) Cytosolic L-lysine concentration in C. glutamicum
WT and five defined lysine producer strains, all carrying pSenLys, and specific fluorescence (Sp. fluorescence) of the cultures. Error bars give the
means of three independent cultures for each strain. Fitting the data to the Hill equation describes the signal transfer function by an n,p, of 3.19
+ 145 and this is shown as the red curve. (b) Extracellular accumulation of lysine after 48 h by the strains used in (a). (c) Lysine excretion rates
of the same strains showing that strains with increased final lysine accumulation have increased excretion rates. Strain DM1920 has two copies
of the lysine exporter gene lysE present in its chromosome and shows the highest excretion rate, but an intermediate cytosolic lysine
concentration (color code as in (b)). (d) Differentiation of an equal mixture of cells of ATCC13032, DM1728 and DM1919 each carrying pSenLys
by flow cytometry. The success of strain-specific sorting using gates P1 to P3 was over 90%. (e) Influence of dipeptide addition on specific
fluorescence of C. glutamicum WT carrying pSenLys. The peptides Lys-Ala (circle), Arg-Ala (triangle) and His-Ala (square) were added to the
cultures at the indicated concentrations. Additionally, Ala-Ala was added to give a total dipeptide concentration of 3 mM. The specific
fluorescence was measured 1.5 h after dipeptide addition. FSC, forward scatter; RU, relative units.

had not previously been taken into consideration. As
demonstrated for the production of antibiotics [16],

display high productivity and high cytosolic concentra-
tions of substrate.

amino acids [17], and biofuels [4], small-molecule pro-
duction depends on export proteins. The ability to
manipulate export activities permits cytosolic concentra-
tion of the substrate to be increased or decreased, which
may be helpful, for example, when using strains that
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To isolate single cell producers by HT flow cytometry, it
is essential that the cells can be separated according to
their fluorescent properties. To demonstrate that this is
the case with pSenLys, sensor-carrying cells of WT,
DM1728, and DM1919 grown in glucose minimal medium



Results

Binder et al. Genome Biology 2012, 13:R40
http://genomebiology.com/2012/13/5/R40

were mixed in a 1:1:1 ratio to give a total of 4 x 107 cells
ml ™. This cell population was analyzed via FACS at a rate
of 10% events per second. Clear differentiation of the popu-
lation was achieved on the basis of intensity of the EYFP
signal (Figure 1d). Three further qualities were assessed
(Table S2 in Additional file 1): 1) the sorting specificity
achieved using gates P1 to P3 resulted in the selection of >
89% of the L-lysine producer expected within the respec-
tive gate; 2) the recovery of viable single cells for each gate
was > 84%; 3) when DM1728 was mixed with a 10,000-
fold excess of WT cells and then re-isolated, 92% of the
prepared cells were DM1728.

LysG recognizes L-arginine and L-histidine in addition
to L-lysine [14]. Peptide addition is a proven method to
increase the cytosolic pool of a specific amino acid in
C. glutamicum or E. coli [18,19]. The fluorescence
response of C. glutamicum carrying pSenLys to exogen-
ously applied Lys-Ala is similar to endogenously synthe-
sized L-lysine (Figure le). The fluorescence response due
to Arg-Ala supply was substantially greater, and that to
His-Ala was greater still, which may indicate a higher affi-
nity of these ligands for LysG.

Further metabolite sensors

To assess the general utility of TFs for reporting on small-
molecules at the single-cell level, we constructed pSenArg
based on ArgP of E. coli controlling argO transcription as
a function of cytosolic L-arginine [20]. When pSenArg
was assayed for dipeptide responsiveness, the addition of
Arg-Ala resulted in fluorescent E. coli cells (Figure 2, left),

Page 4 of 12

with fluorescence increasing in proportion to the dose of
dipeptide (Figure S3 in Additional file 1). As additional
metabolite sensors, pSenSer and pSenOAS were
constructed (Table S1 in Additional file 1), suitable for
L-serine (Figure 2, middle), and O-acetyl-L-serine detec-
tion in C. glutamicum (Figure 2, right), respectively.

Generation of genetic diversity and library screening

To demonstrate the feasibility of metabolite sensors for
HT screening of mutant libraries, we introduced chromo-
somal mutations into the WT of C. glutamicum carrying
pSenLys by treatment with MNNG (N-methyl-N'-nitro-N-
nitrosoguanidine), one of the most effective chemical
mutagens for creating genetic diversity [21]. While the
separation of mixtures of defined producers could be
achieved using FACS (Figure 1d), direct processing of the
mutagenized library with FACS was not successful. We
used a liquid culture recovery and enrichment step taking
into account that metabolically active cells require 2 h for
Crimson synthesis (Figure S4 in Additional file 1), and
that cells derived from the glycerol stock have to be incu-
bated for 6 h on minimal medium to establish host-speci-
fic EYFP fluorescence. The suspension of mutagenized
cells from glycerol stock (200 pl) was diluted into minimal
medium containing IPTG (isopropyl-B-D-thiogalactopyra-
noside and, after 2 h, 6.5 x 10° Crimson-positive cells
were sorted in minimal medium. After cultivation for a
further 22 h, 350 EYFP positive cells were spotted onto
minimal medium plates. Of these, 270 grew into colonies
within 48 h.

E. coli
pSenArg

C. glutamicum
pSenS

er

pSenOAS

\ .

Figure 2 Metabolite sensors reporting on cytosolic arginine, serine, and O-acetyl-serine. Cells of £. coli DH5a (left) carrying pSenArg
fluoresce when Arg-Ala was added (top), but not following supplementation with Ala-Ala (bottom). The peptide-dose response curves for Arg-
Ala, Lys-Ala and His-Ala are shown in Figure S3 of Additional file 1. The serine-producing strain C. glutamicum-Ser4 (middle) [45] with pSenSer is
fluorescent (top), but the WT carrying pSenSer is not (bottom). (¢) Fluorescence is seen with the L-cysteine producer C. glutamicum-Cys3 carrying
pSenOAS (top right), but not with the control strain (bottom right). Epifluorescence microscopic analysis was done at Aex = 490 to 510 nm and
Aem = 520 to 550 nm.
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Producer verification

The 270 colonies were used to inoculate microtiter
plates, to enable HT screening of cultures using 0.75 ml
minimal medium. L-lysine was detected in culture
supernatants of 185 clones. Re-cultivation of 120 clones
(Figure 3a) revealed that the L-lysine concentration ran-
ged from 0.2 to 37 mM. Four clones accumulated 3.6 to
5 mM L-lysine plus 0.6 to 0.8 mM L-arginine and one
clone 24.9 mM L-lysine plus 0.6 mM L-arginine. None
of the mutants accumulated L-histidine, possibly due to
the length of this pathway and its tight regulation.

Of the 120 mutants, 40 were selected randomly, and
their culture fluorescence and growth recorded (Figure S5
in Additional file 1). Using an expectation maximization
algorithm [22], two clusters relating specific fluorescence
to L-lysine accumulation were apparent (Figure 3b). The
cluster represented by the lower curve showed characteris-
tics similar to the defined recombinant strains used in
Figure 1la, which are included in Figure 3b as gray dots
and numbered in parentheses. This cluster includes the
mutants of main interest. Mutants in the other cluster
show in part extreme fluorescence at a comparatively low
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extracellular L-lysine accumulation. Since we screened for
high fluorescence, it is possible that mutants with reduced
L-lysine export activity - and therefore increased intracel-
lular L-lysine concentration - accumulated. This finding
warrants further exploration. Cellular export activity is
influenced by a number of parameters, including the lipid
environment of carriers and the composition of the outer
membrane [4,16], which may cause mutants to excrete
metabolites at different rates than the WT does.

Gene analysis in 40 mutants

We sequenced lysC, which encodes aspartate kinase in the
40 mutants described above (Figures 4 and 5a). To date,
all L-lysine producers described have a mutation in /ysC,
preventing feedback inhibition of aspartate kinase activity
by the concerted action of L-lysine plus L-threonine [23].
In 15 of the mutants that we found, lysC was mutated,
including seven cases of the known mutation /ysC-T308I,
which is located in the regulatory B-subunit of the aspar-
tate kinase [23]. New mutations - lysC-H357Y, lysC-
T313L, lysC-G277D, and lysC-G277S - that also affect the
regulatory subunit (Figure S6 in additional file 1) were

40
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Figure 3 Characterization of L-lysine-producing mutants isolated by FACS from a library of chemically mutagenized wild type cells. (a)
The spectrum of L-lysine accumulation in the culture supernatant of 120 mutants obtained using FACS selection. Mutants were grown in
minimal medium with 4% (w/v) glucose and lysine concentrations determined after 48 h. (b) Specific culture fluorescence was determined for
40 arbitrarily chosen mutants. Two clusters are apparent after applying an expectation maximization (EM) algorithm to construct a distribution
containing maximum likelihood estimates of the parameters in a Gaussian mixture model with two components for data in the 40-by-2 data
matrix [22]. The heat bar on the right gives the probability of clones belonging to cluster one, which corresponds to that with the flat curve.
The probability of clones belonging to cluster two, corresponding to that with the steep curve, uses the same heat bar with the highest
probability in blue and lowest in red. The four gray circles marked (1) to (4) give lysine accumulation and specific fluorescence for the defined
recombinants DM1728 (1), DM1800 (2), DM1730 (3), and DM1919 (4) used in Figure 1a. RU, relative units.
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Strain Lys(mM) p(h-1) Mutation Strain Lys(mM) y(h-1) Mutation
K015 36.9 0.34 lysC A279T K042 4.2 0.12 hom T233I
K037 27.4 0.33 lysC A279T K039 10.9 0.24 hom V211F
K053 19.8 0.39 lysCA279V K016 0.1 0.11 thrB S102F
K008 7.2 0.36 lysCG277D K055 2.7 0.18 murEL121F
K106 19.6 0.39 lysC G277S K051 15.9 0.23 murEG81E
K096 0.9 0.25 lysCH357Y
K035 21.5 0.35 lysC T308I
K100 20.6 0.29 lysCT308I
K047 20.3 0.27 lysCT308I K117 7.0 0.34
K065 20.2 0.30 lysCT308I K005 6.6 0.38
K019 20.1 0.23 lysCT308I K021 5.9 0.37
K090 19.8 0.34 IlysCT308I K079 5.2 0.30
K078 0.3 0.18 lysC T308lI K093 5.0 0.39
K101 26.4 0.23 lysCT311I K013 4.9 0.38
K115 1.5 0.25 lysCT313I K048 4.5 0.38
K002 27.7 0.30 hom A328V K062 3.7 0.26
K049 9.6 0.15 hom A364V K107 3.6 0.36
K074 2.9 0.14 hom G241S K023 16.9 0.17
thrC A372V K120 2.6 0.37
K052 0.2 0.18 hom G241S K046 0.1 0.39
thrC A372V K118 10.5 0.36
K032 22.9 0.26 hom R158C K063 9.0 0.37
hom T351| K112 7.9 0.38
Figure 4 Genetic characterization of mutants. In 40 mutants, targeted sequencing revealed mutations in lysC, hom, thrC and thrB, with some
of the mutations already known from prior work (see text). Mutations that resulted in amino acid exchanges are indicated, along with growth
rates and final external lysine titers. The mutation murE-G81E in strain K051 was identified by whole-genome sequencing. The second murE
mutation, murE-L121F, was identified by subsequent targeted sequencing. In 15 mutants (plus K051), it was not possible to identify any mutation
by site-directed mutagenesis.

found. We also sequenced hom in all 40 mutants, since
reduced homoserine dehydrogenase activity reduces L-
threonine availability in cells and thus also reduces kinase
activity (Figure 5a). Current approaches to engineering L-
lysine synthesis rely on just a single Zom mutation [15].
Seven of the mutants isolated in this study carry novel
mutations in som (Figure 4).

In the remaining 18 mutants, neither lysC nor hom was
mutated. We therefore sequenced thrB and thrC as further
genes of L-threonine synthesis (Figure 5a). In strain K016
the mutation thrB-S102F was identified and in strain K074
the mutation thrC-A342V was found (Figure 4). The
introduction of four selected mutations into the WT chro-
mosome resulted in significant L-lysine concentrations
(Table S3 in Additional file 1), demonstrating that these
new mutations cause increased L-lysine formation.

Genome sequence of mutant K051

We performed whole-genome sequencing on strain
K051, which has no mutation in lysC, hom, thrB, or thrC

20

yet accumulates L-lysine up to a concentration of 15.9
mM. Paired-end sequencing on an Illumina HiSeq 2000
provided more than 20 million reads. Trimming and
mapping to the WT genome (NC_000913) [15] resulted
in a 260-fold coverage (Table S4 in Additional file 1).
The genome sequence of strain K051 has been deposited
at the European Nucleotide Archive under accession
number HE802067. Within K051, 268 SNPs are manifest.
They are unevenly distributed in the genome (Figure 5b).
The number of SNPs is within the range observed for
E. coli treated with MNNG [24]. All of the SNPs identi-
fied are transitions, as expected with this mutagen, the
majority of them resulting in amino acid exchanges (Fig-
ure 5b; Table S1 in Additional file 2). In addition,
NCgl0863, which carries the amino acid exchange G54D,
was partially duplicated, with the variant copy placed
6,108 bp distant from NCgl0863 in an intergenic region.
We searched the mutations in K051 for genes known
to increase L-lysine production and to participate in the
pathway from glucose uptake up to L-lysine excretion
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(Figure 5a). Specific mutations in zwfand gnd in the pen-  effective. K051 also has mutations in pck and gltA, genes
tose phosphate pathway are known to increase L-lysine  encoding phosphoenolpyruvate carboxykinase and citrate
formation due to an increased supply of NADPH [25];  synthase, where reduced activities are known to increase
K051 has mutations in devB and tal that could also be  the supply of pyruvate and oxaloacetate for L-lysine



Results

Binder et al. Genome Biology 2012, 13:R40
http://genomebiology.com/2012/13/5/R40

synthesis [26,27]. Also, mutations of branched-chain
amino acid metabolism have been demonstrated to
increase lysine formation, and K051 carries a mutation in
ilvE, as well as in the Leu-tRNA synthetase LeuS. Of par-
ticular interest was the murE mutation (murE-G81E) in
KO051. This gene encodes UDP-N-acetylmuramyl-tripep-
tide synthetase, an enzyme that utilizes D, L-diaminopi-
melate as a substrate, as does the D, L-diaminopimelate
decarboxylase, in L-lysine synthesis.

Influence of murE mutations on L-lysine synthesis

To determine whether the murE-G81E mutation identi-
fied could generate increased L-lysine formation, we
introduced it by allelic replacement into DM1132,
DM1728, DM1730, DM1800, and DM1933. The new
strains were cultivated in parallel to their ancestor
strains in shake flask cultivations and final L-lysine con-
centrations were determined after 48 h. As shown in
Figure 6, the mutation caused strong L-lysine accumula-
tion when introduced into the WT DM1132 and also
DM1728, the strains that have few mutations and which
form comparatively little L-lysine. Yet even with the
best producer available, strain DM1933, a significant
increase in L-lysine accumulation was determined.
Given this finding, we sequenced murE in the remaining
mutants isolated by our HT technology that had no
identified mutation (Figure 4), and found murE-L121F
in strain K055. Introduction of this specific mutation
into the five defined L-lysine producers yielded
increased L-lysine accumulation, too (Figure 6).
Whether the increases with the two murE mutations
identified were due to increased availability of D, L-dia-
minopimelate for L-lysine synthesis, or whether a global
regulatory effect pushes synthesis of D, L-diaminopime-
late remains to be studied.

Discussion

The key requirement for visualization of single cells with
elevated concentrations of a small molecule of interest is
the availability of suitable in vivo sensor systems with
sufficient sensitivity and specificity. There are a large
number of options for developing customized reporters
sensing intracellular metabolites. They are based on nat-
ural molecular recognition, allosteric switching, and
gene regulation behavior of proteins and RNA. Every
system has its own specific advantages and disadvan-
tages, and the reader is referred to recent reviews on the
numerous ideas and ongoing developments in the field
[12,28-33]. Whereas protein sensors based on periplas-
mic binding proteins and Forster resonance energy
transfer (FRET) in principle enable concentration deter-
minations in real time, use of TFs relies on expression
of the reporter gene. This delay between ligand binding
and the corresponding phenotypic change is not a
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disadvantage in developing or characterizing recombi-
nant cells since stable genetically encoded genotypes are
sought. With respect to the use of TFs in metabolite
sensing for screening purposes, the present work based
on LysR of C. glutamicum is the first example where
the responsiveness of the optical output to an existing
intracellular metabolite concentration is given, and
where a TF-based sensor is used in an HT screen apply-
ing FACS for the isolation of new bacterial small-mole-
cule producers.

The responsiveness of TFs previously characterized is
deduced from the external addition of the effector mole-
cule and whole culture response. Although this may
only be of limited significance for screening, it is disad-
vantageous for precise characterization since various
processes such as active uptake, active export, diffusion
and degradation of effector might result in a different
cytosolic concentration than that present extracellularly.
In the case of LysG-based pSenLys, we determined a
detection range of 4 to 25 mM intracellular L-lysine.
Sensor responsiveness is characterized by an analog-like
response that, when fitted to the Hill equation, is
described by 7,,,, of 3.19 + 1.45. It enables the differen-
tiation of WT from medium- and high-level producer
cells (Table S2 in Additional file 1). As our intracellular
determinations and the comparison of the isogenic
strains with one copy and two copies of lysE revealed,
the effective range of detection may be extended by
altering export activity. This could be of relevance for
further improvement of good producers. Sensor
response and its usefulness will depend on the interplay
between the cytosolic concentration of the small-mole-
cule and export activity, as well as on the affinity of the
sensor to the effector and target promoter site.

Three of the small-molecule sensors described in the
present work are based on a LysR-type TF, and one on
a ROK-type TF. Fortunately, the range of small mole-
cules detectable by TFs is large. E. coli has more than
230 TFs, with many of them detecting small molecules.
In bacteria, TFs have been found to sense sugars, sugar
phosphates, vitamins, 2-oxoacids, ions, antibiotics, and
acyl-CoA derivatives [9]. Moreover, TFs with new speci-
ficities can be generated [11]. An example is AraC,
which has been switched from a natural L-arabinose
sensor to a sensor detecting D-arabinose [34] or mevalo-
nate [10], and the latter effector specificity has been
used in a plate-based assay to screen for improved
mevalonate producers. Other sensors that were given
new specificities were developed from NahR or XyIR for
the detection of benzoic acid-related compounds [35],
or TetR for structural derivatives of tetracycline [36].
Advances in the design of microbial-based molecular
reporters and customizing ligand dependence derived
from natural TFs have recently been reviewed [12].
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Thus, sensors for a significant number of small mole-
cules of biotechnological or pharmaceutical importance
are within reach.

Whereas the WT of C. glutamicum does not excrete L-
lysine, cytosolic sensing and FACS as an efficient screen
enabled the rapid isolation of 185 new mutants accumu-
lating L-lysine in the culture supernatant. The current
number of genes where mutations cause increased
L-lysine synthesis is about 12 [37,38]. These mutations
serve to increase flux through the L-lysine pathway itself,
or to increase the pyruvate and oxaloacetate pool, or the
NADPH supply. However, there are still unknown muta-
tions to be discovered, since it is known that in an
L-lysine-producing mutant developed over decades in
classical screenings, many genes of biosynthesis pathways
exhibit increased expression [39], and in a similarly
derived L-arginine producer, arginine biosynthesis genes
are highly expressed in a manner not achievable by plas-
mid-encoded expression [40]. Our approach provided
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alleles of known genes, and this is very useful for geno-
mic reconstruction of producers where advantageous
mutations are combined, and alleles may result in differ-
ent productivity [2,41]. The number of 268 SNPs present
in K051 is too great to study their individual impact on
product formation, but new possibilities might be offered
when more genome sequences become available. Striking
was the murE mutation present in K051. We suggest that
the catalytic activity of UDP-N-acetylmuramoyl-L-alanyl-
D-glutamate:meso-diaminopimelate ligase in MurE-G81E
is reduced, with the consequence that more D, L-diami-
nopimelate is available for L-lysine synthesis. MurE of
C. glutamicum is similar to MurE of Mycobacterium
tuberculosis and E. coli, the crystal structures of which
are known [42]. From these, it can be deduced that G81E
is close to the nucleoside part of UDP-MurNAc-L-Ala-
D-Glu, and L121F in the second mutant identified is
close to the ATP-binding site. Thus, a reduced activity is
meaningful, and in line with the increased L-lysine
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formation obtained with all strains when the murE muta-
tions were introduced in their genomes. It is also in line
with the reduced growth rates of these new recombinants
(Table S5 in Additional file 1), since less D, L-diaminopi-
melate is channeled towards cell wall synthesis. An alter-
native to simple mass balance effects is that a lack of cell
wall building blocks initiates a global response that has a
positive effect on biosynthesis.

We applied one of our transcriptional sensors for HT
screening of a mutant library with chromosomal muta-
tions, but the same principle may also be explored for
HT screening of cells carrying plasmid libraries. This is
attractive, since many pharmaceuticals currently pro-
duced microbially, such as amorpha-4,11-diene, taxa-
diene and lycopene, use plasmid-encoded biosynthesis
pathways, for example, in E. coli [2,3,13]. Use of an
appropriate sensor combined with FACS-assisted
screening may significantly accelerate the development
of producers for such small molecules, too. The HT
selection routine for mutant isolation closes the gap
between HT generation of mutant libraries and HT
sequencing technologies, and further applications of sen-
sing small molecules in single cells are in progress, such
as the verification of producer population homogeneity
and time-lapse microscopy of C. glutamicum in micro-
fluidic chips [43].

Conclusions

This work examines visualization of the intracellular con-
centration of small molecules at the single cell level by
the use of specific TFs. It opens up various possibilities
to characterize and analyze single cells in populations
with respect to their cytosolic small molecule concentra-
tion. We have demonstrated that the visualization of L-
lysine combined with HT sorting of genomic mutant
libraries via FACS enables the isolation of new mutants.
Together with whole-genome sequencing, this therefore
establishes rapid access to new mutations to achieve
more efficient product formation. In addition to the
screening of cells with genomic mutations, the system is
also suitable for screening cells with plasmid libraries to
identify more efficient product accumulation.

Materials and methods

Sensor plasmid construction

The regulatory units were synthesized (LifeTechnologies
GmbH, 64293 Darmstadt, Germany) and cloned into
pJC1 using the restriction sites BamHI and Sall. An
overview of the sensor plasmids is shown in Figure S2
in Additional file 1. The entire plasmid sequences were
deposited at EMBL under the accession numbers
HE583184 (pSenLys), HE583185 (pSenArg), HE583186
(pSenSer), and HE583187 (pSenOAS1).
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FACS analysis and cell sorting

Cells were diluted to an optical density below 0.1 and
immediately analyzed by a FACS ARIA II high-speed
cell sorter (BD Biosciences, Franklin Lakes, NJ USA
07417) using excitation lines at 488 and 633 nm and
detecting fluorescence at 530 + 15 nm and 660 + 10 nm
at a sample pressure of 70 psi. Data were analyzed using
BD DIVA 6.1.3 software. The sheath fluid was sterile fil-
tered phosphate-buffered saline. Electronic gating was
set to exclude non-bacterial particles on the basis of for-
ward versus side scatter area. For sorting of Crimson- or
EYFP-positive cells the next level of electronic gating
was set to exclude non-fluorescent cells. Background
was estimated using non-induced C. glutamicum for
sorting of Crimson-positive cells. When sorting EYFP-
positive cells, non-producing C. glutamicum cells were
used.

Mutagenesis and library screening

C. glutamicum ATCC13032 carrying pSenLys was grown
in 5 ml BHI complex medium (Difco Laboratories Inc.,
Detroit, MI 48201, USA) containing 25 pg ml™ kanamy-
cin to an optical density of 5 to ensure exponential
growth. Whole-cell mutagenesis was done by the addi-
tion of MNNG dissolved in dimethyl sulfoxide (DMSO)
to a final concentration of 0.1 mg ml™ and incubation for
15 mintes at 30°C. The treated cells were washed twice
with 45 ml NaCl, 0.9% (w/v), resuspended in 10 ml BHI
and regenerated for 3 h at 30°C and 180 rpm. Mutant
cells were stored at -30°C as cryostocks in BHI contain-
ing 40% glycerol (w/v). Of the initial cells, 46.2% survived
the MNNG treatment and among the surviving cells
approximately 16% were auxotrophs. For FACS screen-
ing, the mutant stock population containing 7.5 x 10°
viable cells per ml was diluted 1:100 in 20 ml minimal
medium containing 0.1 mM IPTG to induce expression
of the far-red fluorescent protein Crimson, which was
taken as an indicator of metabolically active cells. After
2 h of cultivation, 6.5 x 10° cells were analyzed by FACS
and 2 x 10° Crimson-positive cells collected in fresh
20 ml minimal medium without IPTG. After cultivation
for a further 22 h, 1.8 x 107 cells were screened and 350
EYFP-positive cells spotted on Petri dishes containing
minimal medium. Colonies grown after 48 h at 30°C
were further analyzed.

HT cultivation and culture fluorescence analysis

HT cultivation was done in 48-well Flowerplates (FPs;
m2p-labs GmbH, 52499 Baesweiler, Germany) at 30°C,
990 rpm and a throw of 0 3 mm. The specific geometry
of the FPs ensures high mass transfer performance and
can be used together with the microcultivation system
BioLector [44], allowing online monitoring of growth
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and fluorescence. The medium used for FP cultivations
was the MOPS-buffered salt medium CGXII [45], with
4% glucose as substrate and 25 pg ml™ kanamycin to
select for maintenance of pSenLys. For offline cultiva-
tions, FPs were cultivated on a Microtron high-capacity
microplate incubator operating at a shaker speed of 990
rpm, throw ¢ 3 mm (Infors AG, CH-4103 Bottmingen,
Switzerland). Shake flask cultivations were used to com-
pare the consequences of the murE mutations for
L-lysine accumulation (Figure 4b); these were done in
500 ml baffled Erlenmeyer flasks with 50 ml medium.
The medium was the same as used in FP cultivations,
except that the phosphate concentration was reduced by
half. Cells pregrown in CGXII medium were used as
inocula for all cultivations.

Amino acid quantification

Amino acids were quantified as their o-phthaldialdehyde
derivatives via high-pressure liquid chromatography using
a uHPLC 1290 Infinity system (Agilent, Santa Clara, CA
95051, USA) equipped with a Zorbax Eclipse AAA C18
3.5 micron 4.6 x 75 mm and a fluorescence detector. As
eluent, a gradient of 0.01 M Na-borate buffer pH 8.2 with
increasing concentrations of methanol was used, and
detection of the fluorescent isoindole derivatives was at
Aex = 230 nm and Ay, = 450 nm,

Determination of cytosolic amino acid concentrations and
amino acid export rates

Cells were pregrown as for FP cultivations for 24 h. They
were washed once with fresh CGXII medium at room
temperature and transferred into new medium in FPs to
give an initial optical density of 10, which corresponds to
3.0 mg (dry weight) ml™. Cultures were incubated at 30°C
on the Microtron high-capacity microplate incubator as
above. Samples were processed at regular intervals to sepa-
rate extra- and intracellular fluid by silicone oil centrifuga-
tion [46]. For the resulting fractions, amino acids were
quantified as described above. The intracellular volume
used to calculate the internal amino acid concentration
was 1.6 pl mg (dry weight)™. When peptides were added
(Figure 1e; Figure S3 in Additional file 1) mixtures of di-
peptides at a final concentration of 3 mM were used, such
as 1 mM Arg-Ala plus 2 mM Ala-Ala, to ensure that a
constant supply of Arg-Ala-derived Arg is present over
time in the cytosol at the lower Arg-Ala concentrations.

Epifluorescence microscopic analysis

Fluorescence imaging was performed using a fully motor-
ized inverted microscope (Nikon Eclipse Ti) equipped
with a focus assistant (Nikon PFS), Apo TIRF 100x Oil
DIC N objective, NIKON DS-Vil color camera, ANDOR
LUCA R DL604 camera, Xenon fluorescence light source
and standard filters for EYFP detection (Lex = 490 to 510
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nm; A, = 520 to 550 nm). Differential interference con-
trast (DIC) microscopy images as well as fluorescence
images were captured and analyzed using the Nikon NIS
Elements AR software package. Prior to analysis, cells
were fixed on soft agarose-covered glass slides.

Additional material

Additional file 1: Supplementary Tables S1 to $4 and Figures S1 to
$6. Table S1: strains used. Table S2: quality assessment of sorting cells
carrying pSenLys. Table S3: L-lysine formation with mutations introduced
by reverse engineering. Table S4: statistics on whole-genome sequencing
of strain KO51. Table S5: growth rates of murE mutants, Figure S1:
isolation of LysG and characterization of the LysG binding site. Figure S2:
the vector pSenLys and general configuration of sensor plasmids. Figure
S$3: peptide-dose response curves with sensor-carrying E. coli and C.
glutamicum. Figure S4: development of Crimson and EYFP signals in
mixtures of ATCC13032 with DM1728 over time. Figure S5: growth curves
and fluorescence of 40 mutant cultures. Figure S6: structural presentation
of LysC and localization of mutations identified.

Additional file 2: All mutations of C. glutamicum strain K051.
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ABSTRACT

Recombineering in bacteria is a powerful
technique for genome reconstruction, but until
now not generally applicable for development
of small-molecule producers due to the
inconspicuous phenotype of most compounds
of biotechnological relevance. Here we
establish recombineering for Corynebacterium
glutamicum using RecT of prophage Rac and
combine this with our recently developed
nanosensor technology, which enables the
detection and isolation of productive mutants
at the single-cell level via FACS. We call this
new technology RecFACS which we use for
genomic site-directed saturation mutagenesis
without relying on pre-constructed libraries to
directly isolate L-lysine producing cells. A
mixture of 19 different oligonucleotides was
used targeting codon 81 in murE of the wild
type, at a locus where one single mutation is
known to cause L-lysine production. Using
RecFACS, productive mutants were screened
and isolated. Sequencing revealed 12 different
amino acid exchanges in the targeted murE
codon which caused different L-lysine
production titers. Apart from introducing a
rapid genome construction technology for C.
glutamicum, the present work demonstrates
that RecFACS is suitable to simply create
producers as well as genetic diversity in one
single step thus establishing a new general
concept in synthetic biology.

INTRODUCTION

For the development of microbial producer strains
fast methodologies are required for introducing genomic
mutations. They inevitably have to go beyond serial and
tedious introduction of single DNA constructs into cells
and identification of the desired mutations.
Recombineering offers such a methodology and enables
the rapid introduction of a single mutation into the
genome (1-3), or even numbers of mutations in one
experiment such as exemplified in a multiplex automated
engineering approach for E. coli (4). However, to make
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full use of recombineering in producer strain generation,
also a rapid detection of those recombinants that cause
improved synthesis of the desired product is required. In
case the product is colored, a visual inspection of
colonies is possible (5), but even in this case the library
size that can be screened is limited. Even worse, most
small molecules of interest are not colored. The problem
of ultrahigh-throughput detection and isolation of
productive recombinants has recently been solved by
the development of optical nanosensors based on
transcription factors. They allow the detection of
intracellularly synthesized small-molecules at the single
cell level (6-8), and together with fluorescence-activated
cell sorting (FACS) enable the ultrahigh-throughput
screening of large libraries. We have developed an L-
lysine sensor for Corynebacterium glutamicum which
transmits the cytosolic L-lysine concentration of a single
cell into a graded optical output. Using this sensor we
isolated new L-lysine producers via FACS from a library
of 107 randomly mutagenized wild-type cells and
identified novel relevant mutations causing increased L-
lysine synthesis by whole-genome sequencing (6).

The bacterium C. glutamicum is of particular
interest, since it is one of the most important metabolite
producers used in industry (9). Mutants of
Corynebacterium are used to produce about 2,500,000
tons L-glutamate, 1,800,000 tons L-lysine, and 15,000
tons nucleotides annually. Driven by the need for the
rapid introduction of chromosomal mutations we asked
whether recombineering in C. glutamicum would be
possible. Recombineering takes advantage of phage-
encoded recombination proteins and has greatly
improved genetic manipulation in E. coli in a simple and
efficient manner (2). The phage A recombination proteins
Exo, Beta and Gam — as well as RecE and RecT
encoded by the E. coli Rac prophage - promote
homologous recombination at a high frequency requiring
only short stretches of homologous DNA-sequences
(10,11). The Exo and ReckE proteins are double-stranded
DNA (dsDNA)-dependent 5'-3' exonucleases (12), Beta
and RecT are single-stranded DNA (ssDNA) annealing
proteins (SSAPs). They are capable of annealing
homologous DNA (13) to perform strand exchange and
strand invasion, and are therefore also -called
recombinases. Exonuclease and recombinase together
facilitate homologous exchange of dsDNA substrates
(14). Synthetic ssDNA substrates (oligos) recombine
efficiently to generate point mutations, deletions and
insertions, and require only recombinase activity (15).
Beta and RecT facilitate recombineering in Salmonella
enterica, Lactobacillus, Bacillus subtilis, and other
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bacteria (1,16-19). However, they work less efficiently in
Mycobacterium smegmatis (20). More recently, the
RecE and RecT homologs, Gp60 and Gp61, from
mycobacteriophage Che9c were demonstrated to
encode recombination proteins and used to establish
allelic exchange in M. smegmatis and Mycobacterium
tuberculosis (21). Also the more distantly related two
recombineering proteins of mycobacteriophage Halo
were used for gene replacement and introduction of
point mutations into mycobacterial genomes (3).

Recombineering as demonstrated for a few species
stimulated us to ask whether this technology can be
established for C. glutamicum. Our metabolite sensors
are of extraordinary profit in this context. The reason is
that recombineering has been almost exclusively used to
date in plate assays for selectable and visible
phenotypes, such as resistance to a compound or
colony color. Our metabolite sensor technology is based
on the expression of eyfp in response to elevated small-
molecule concentrations within cells. This enables FACS
screening of single cells which in conjunction with
recombineering establishes a new general concept for
genome engineering in synthetic biology.

MATERIALS AND METHODS
Bacterial strains

For recombinant DNA work Escherichia coli DH5a
was used. The Corynebacterium glutamicum strain used
was the type strain ATCC13032 and its derivatives
which were grown at 30°C as previously described (22).
The C. glutamicum test strain used to establish
recombineering in C. glutamicum was derived from
DM1728. The test strain contained at nucleotide
1.404.651 (Acc.-no. NC_006958) a defective kanamycin
resistance gene with an additional cytosine inserted at
position 234 introducing a frame-shift mutation. This
strain was constructed by plasmid-based homologous
recombination using pK19mobsacB-Kan(-) containing
the defective gene, as well as genomic sequences
adjacent to the insertion site (23). The resulting strain
DM1728-Kan(-) served as a tester strain for the
development of recombineering, whereas RecT-aided
producer strain development was based on C.
glutamicum ATCC13032. All recombinant strains
generated were transformed by electroporation.

Plasmid constructions and oligonucleotides

The genes for the recombinases Gp43, Gp61 and
RCau were synthesized (LifeTechnologies GmbH,
Darmstadt, Germany) and cloned into pCLTON2 which
confers spectinomycin resistance to C. glutamicum.
Fragments were generated with Bglll and EcoRI, made
blunt and cloned into the Smal site of pCLTON2 to
generate pCLTON2-gp43, pCLTON2-gp61, and
pCLTON2-rCau, respectively. To construct pCLTON2-
bet, bet was amplified from plasmid pRSFRedkan (24)
using primer pair bet-F/bet-R and cloned blunt-end into
pCLTON2. For the construction of pCLTON2-recT the
gene was amplified from the genome of E. coli MG1655
using primer pair recT-F/recT-R and cloned blunt-end
into pCLTON2. Plasmid pEKEx3-recT was constructed
using Bglll-RBS-recT-F and  EcoRI-recT-R  for
amplification and cloned using Bglll and EcoRI into
pEKEX3 resulting in pEKEx3-recT. Primers used for
cloning and oligos for recombineering were purchased
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from Eurofins MWG Operon (Ebersberg, Germany).
They were salt free, without a 5’ phosphate, and are
listed in Supplemental Table S1 and Table S2,
respectively.

Preparation of cells for recombineering

Strains of C. glutamicum DM1728-Kan(-) carrying
pCLTON2 or pEKEX3 derivatives encoding
recombinases were inoculated from a fresh BHIS-
Spec100 petri dish (22) into 50 ml BHIS-Spec100 and
grown for 16 hours at 30 °C and 120 rpm. 10 ml of this
preculture were used to inoculate 500 ml BHIS-Spec100.
In addition, cultures containing pEKEx3 derivatives were
supplemented with 0.5 mM IPTG, and cultures
containing pCLTON2 derivatives received 250 ng/ml
anhydrotetracyclin, which served for induction of the
recombinases. Five hours later cells were harvested and
made electrocompetent. They were chilled on ice for 20
min and then harvested at 4000 g and 4 °C for 20 min,
washed twice in 50 ml TG-buffer (1 mM Tris-HCI pH 8,
10 % glycerol) and twice in 50 ml glycerol 10 %. The
competent cells were then re-suspended in 1-ml 10 %
glycerol and 150 pl aliquots stored at -70 °C before use.

To prepare ATCC13032 pSenLys pEKEx3-recT for
recombineering, media additionally contained kanamycin
to select for pSenLys (plates 15 ug ml”, liquid media 25
g mi™).

Recombineering assay for repair of defective KanR

Electrocompetent cells of DM1728-KanR(-) carrying
the plasmid with the recombinase to be assayed were
thawed on ice and mixed with 0.1-100 pg of ssDNA
oligos and transferred into 4 °C precooled
electroporation cuvettes. Electroporation was performed
at 25 pF, 200 Q and 2.5 kV. Subsequently cells were
immediately transferred into 4 ml pre-warmed BHIS
medium containing 100 pg/ml spectinomycin and heat
shocked for 6 min at 46 °C in a water-bath. They were
allowed to regenerate and segregate for up to 5 hours at
30 °C and 170 rpm. Cells were plated on BHIS-
Spec100-Kan15 and incubated at 30 °C for 2 days for
cfu determination. As a negative control an
oligonucleotide with no sequence similarity to the C.
glutamicum genome was added to one aliquot of
electrocompetent cells. In addition, one aliquot was
transformed with 100 ng pJC1 conferring kanamycin
resistance to determine competence and transformation
efficiency.

Recombineering assay for
producers

generating L-lysine

Electrocompetent cells of C. glutamicum ATCC13032
pSenLys pEKEx3-recT were prepared as described
above. For the generation of recombinant strains
carrying the lysC-T311l mutation, 20 ug of the lysC-60-
EcoRV*-oligo was used. For in vivo site directed
saturation mutagenesis of murE-81 a mixture of 20
oligos (1 pg of each 100-mer, 20 pg in total) was used
for  electroporation.  After  electroporation  and
regeneration for 5 hours, 100 pl of the cell suspension
was centrifuged (5 min, 4000 g, 4 °C) washed once with
CGXIll, re-suspended in 800 pl of CGXII-Spec100-Kan25
and transferred into a flowerplate, FP, (m2p-labs GmbH,
Baesweiler, Germany) for further cultivation for 48 hours
at 30 °C, 900 rpm and a throw of 3 mm.
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FACS analysis and two-step HT-screening

For FACS analysis all samples were diluted to an
optical density below 0.1 and immediately analyzed by a
FACS ARIA 1l high-speed cell sorter (BD Biosciences,
Franklin Lakes, NJ USA 07417) using excitation lines at
488 nm and 633 nm and detecting fluorescence at 530 +
15 nm and 660 + 10 nm at a sample pressure of 70 psi
and a processing rate of about 10,000 cells per second.
Data were analyzed using the BD DIVA 6.1.3 software.
As sheath fluid sterile filtered phosphate-buffered saline
was used. Electronic gating was set to exclude non-
bacterial particles on the basis of forward versus side
scatter area. For sorting of EYFP-positive cells the next
level of electronic gating was set to exclude non-
fluorescent cells. The background was estimated using a
negative control of the corresponding recombineering
experiment. As a positive control, the L-lysine producing
strain C. glutamicum DM1728 pSenLys pEKEx3-recT
was used.

Before FACS selection, 8 pl of the cells cultivated
for 48 hours were inoculated into fresh 800 pl of CGXII-
Spec100-Kan25 and grown for 2-5 hours as above. The
two-step screening routine consisted of an enrichment
step where 10,000 fluorescent cells were spotted into
800 pl CGXIl-Spec100-Kan15 followed by 48 hours of
cultivation in FPs at 30 °C and 900 rpm. 8 pl of this
culture served to inoculate 800 pl of fresh CGXII-
Spec100-Kan25 which was grown for 2-5 hours. This
was followed by FACS selection and spotting of cells
onto BHIS-Spec100-Kan15 plates. After incubation for 2
days at 30 °C, clones were further analyzed in terms of
fluorescence and product formation.

HT cultivation and culture fluorescence analysis

HT cultivation was done in 48-well FPs at 30°C, 900
rpom and a throw of 3 mm. The specific geometry of the
FPs ensures a high mass-transfer performance and can
be used together with the microcultivation system
BioLector (25), allowing online monitoring of growth and
fluorescence. For offline cultivations, FPs were cultivated
on a Microtron high-capacity microplate incubator
operating at a shaker speed of 900 rpm, throw of 3 mm
(Infors AG, CH-4103 Bottmingen, Switzerland) for 48
hours until all cultures reached the stationary phase.
Offline fluorescence determinations were done by mixing
5 pl of the culture with 195 pl H.O and using a Tecan
microplate reader. The cultures were excited at 500 nm
and emission quantified at 530 nm.

RESULTS
Selection of recombinases

Single-stranded DNA (ssDNA) annealing proteins
(SSAPs) play critical roles in recombination-dependent
DNA replication in any organism, with specific
subclasses typical for bacteriophages and prophages
(26,27). Using RecT of the Rac prophage as a query
sequence, we screened in a BLAST search for
homologs within 25 genomes of Corynebacterium
species. The sole homolog identified was cauri_1962 of
Corynebacterium aurimucosum (Figure 1), which has
61% similarity with RecT. Adjacent and co-transcribed to
cauri_1962 is a gene encoding a viral exonuclease
domain (PF09588). This protein has no significant
similarity to the exconuclease RecE. For our initial
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studies to assay on the functionality of recombinases in
C. glutamicum we focussed on RecT and cauri_1962. In
addition, we chose the well-studied lambda red gene
bet, as well as the SSAPs of the mycobacteriophage
Che9c and Halo. The reason for this is that both
Mycobacterium and Corynebacterium belong to the
order Corynebacteriales, and genes of M. tuberculosis
show functionality in C. glutamicum (28,29). Cauri_1962
is also closely related to Gp61 of Che9c and Bet, but has
no similarity to Gp43 of Halo. Cauri_1963, the putative
exonuclease, has a very weak similarity to Gp60 of
Che9c and Exo of lambda, but no similarity to RecE or
the Halo protein Gp42. Thus, the exonucleases appear
to be more species-specific, whereas the recombinases
tend to be conserved. This agrees with functional studies
on recombinase/exonuclease pairs from diverse bacteria
in E. coli: selected pairs displayed good recombination
activity with ssDNA but were less efficient with dsDNA,
the latter requiring both activities (30).
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Figure 1. Comparison of the Corynebacterium aurimucosum

recombination proteins. The cauri_1962 gene product contains a RecT
domain, as does gp61 and Bet, with highest homology of cauri_1962 to
the prophage Rac protein and gp61. Halo gp43 is not related to these
ssDNA-binding proteins. The putative exonuclease cauri_1963 belongs
to the YqaJ family of exonucleases. cauri_1963 is only distantly related
to the gp60 protein and Exo, and unrelated to RecE and gp42. The
genome of C. aurimucosum does not contain a A Gam homologue (red).

Functionality of recombinases

We used the expression vector pCLTON2 to clone
the five selected recombinases, which is based on the
tetracycline inducible Tet repressor system derived from
E. coli (31). The five constructs pCLTON2-bet,
pCLTON2-recT, pCLTON2-gp43, pCLTON2-gp61, and
pCLTON2-rCau - where rCau stands for the
recombinase cauri_1962 — were introduced into C.
glutamicum DM1728 Kan(-). This latter strain was the
tester strain. It contained a defective kanamycin
resistance gene integrated into its genome. It was
constructed by using pK19mobsacB-Kan(-) encoding the
Kan(-) gene with an additional cytosine inserted at
position 234 introducing a frame-shift and ultimately a
truncated non-functional protein. Using this non-
replicative vector, the defective Kan gene was placed in
a non-coding region of the chromosome by two rounds
of homologous recombination. This tester strain was
transformed with the pCLTON2 derivatives and the
resulting strains were used in recombination assays.
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Table 1. Comparison of recombinase efficiencies

a

cfu cfu cfu cfu
Vector
(spont) (rec) (pJC1) (rec/pJC1)
pCLTON2-bet 0 8 22x10°  3.7x10°
pCLTON2-recT 31 12513 50x10° 2.5x107
pCLTON2-gp43 57 97 43x10°  2.3x10*
pCLTON2-gp61 1 306 3.4x10°  9.1x10*
pCLTON2-rCau 7 2475 29x10° 85x10°

%cfu (spont) is the number of spontaneous Kan® clones, cfu
(rec) the number of clones in electroporation assays which
received the Kan* oligo, and cfu (pJC1) the number in assays
which received 1 pg of the replicative vector pJC1. cfu
(rec/pJC1) gives the number of Kan* oligo-dependend cfu in
relation to the transformation efficiency of the expression
culture.

In one early experiment, heterologous expression
of the recombinase genes was induced with 250 ng ml’
anhydrotetracyclin. After 4 hours of induction cells were
made electrocompetent and frozen. Electroporation was
done with 1 pg of oligo Kan50*, which is a 50-mer with
the correct sequence part of KanR and homology to the
leading strand. Cells were plated after regeneration for 5
hours on BHIS-Kan15-Spec100. With pCLTON2-recT
about 12,500 and with pCLTON2-rCau 2,500 KanR
colonies per transformation assay were obtained (Table
1). This shows that RecT is functional in C. glutamicum
and rCau from C. auromicosum encodes a functional
protein that is also active in C. glutamicum. A weak
activity was also obtained with gp61 from M. smegatis.
In controls where no oligo was added, at best 57 cfus
were observed on BHI-Kan15-Spec100 plates. Each
transformation assay was done with about 10° cells
surviving electroporation. Such assays yielded 2.2x10° -
5.0x10° Kan® cfus when transformed with the replicative
plasmid pJC1 (Table 1), illustrating that the competence
for uptake of DNA after expression of the recombinases,
is comparable to standard transformation conditions

A 1oEs B 106406
PCLTONZ (Ptet) PEKEX3 (Ptac)

1,06404 1,0£405
1,06404

g Leo 2
% & 1,06403

x 1,06402 2
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1,06+01 106401 m
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0 1 a 0 1 a
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0 00501 05 1
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without protein expression (32). When the oligo-specific
number of transformants was put in relation to that
derived by the replicative plasmid, the recombinase
RecT yielded 4.7 chromosomal recombinants per 100
cells capable of taking up plasmid. In these experiments,
approximately 40,000 oligo molecules per cell or 300
plasmid molecules, respectively, were present in the
electroporation assay.

Optimization of recombineering

Since RecT was the most efficient recombinase in C.
glutamicum, we next varied the induction time and used
pEKEX3 as another vector background for recombinase
expression (31). Cells of the tester strain C. glutamicum
DM1728 Kan(-) carrying either pCLTONZ2-recT or
pEKEx3-recT were induced for 0, 1, and 4 hours.
Transformation with 1 pg of the healing oligo Kan50*
and regeneration was performed as described before.
There was a clear increase in the number of
recombinants with increasing induction time (Figure 2A).
The highest numbers of recombinants were obtained
with pEKEx3-recT. This is probably due to the known
stronger expression of target genes in pEKEx3
compared to pCLTON2 (31). In all subsequent
experiments, we therefore used pEKEx3-recT with the
recombinase expression induced for 4 hours and cell
regeneration and segregation for 5 hours.

With E. coli, concentrations of 0.2 pg oligos are
routinely used in recombineering assays (10), although
in special applications such as multiplex automated
genome engineering, concentrations exceeding 20 pg
are recommended (4). We assayed various
oligonucleotide concentrations to optimize
recombineering efficiency in C. glutamicum (Figure 2B).
There was a strong increase in the number of
recombinants with increasing oligo concentration, with
as many as 9.5x10° recombinants when using 10 ug
Kan*. This means that 1 of approximately 1.000 cells
surviving electroporation is also recombinant. Higher
concentrations did not improve the recombineering
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Figure 2. Optimization of recombineering efficiency. (A) Recombination efficiency of recT induced for 0, 1, and 4 hours using either pPCLTON2-recT and
0.25 mg/L anhydrotetracyclin or pEKEx3-rect and 0.24 mg/L IPTG. (B) Recombination efficiency in dependence on the amount of oligonucleotide added.

(C) Recombination efficiency in dependence on length and strand homology.
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Figure 3. (A) Principle of L-lysine sensor pSenLys. The transcriptional
regulator LysG senses L-lysine (35) to naturally drive transcription of its
target genes lysk. When this is fused to eyfp, cells exhibit fluorescence
at an increased cytosolic L-lysine concentration. (B) lysC and murE are
two targets known in C. glutamicum which upon specific mutations
provoke an excess L-lysine synthesis.

efficiency, but rather led to a slight decrease in the
number of recombinants.

For a given target, there are two complementary
ssDNA oligos, either one of which can be used for
recombineering. The corresponding oligonucleotide that
is complementary to the template strand for
discontinuous DNA synthesis (i.e. the lagging strand)
recombines approximately 15-fold to 20-fold more
efficiently in E. coli than the oligonucleotide
complementary to the leading strand due to activity of
the recombinase Beta (10,16). As further parameters for
recombineering efficiency in C. glutamicum, we therefore
assayed both complementary oligonucleotides and we
varied the lengths of the oligos. In these experiments,
equimolar concentrations of 32.5 ymol were used, which
corresponds to 10 pg for the 100-mer. As can be seen in
Figure 2C, the use of a 75-mer yields more than 10°
recombinants per assay, while a further increase in the
length of the oligo did not increase recombination
frequency. This largely agrees with the situation in E. coli
where the highest level of recombinants is generated
with  a 60-mer (10). Comparison of the two
complementary oligo pairs yielded a slightly increased
number of recombinants in C. glutamicum with oligos
annealing to the lagging strand (Figure 2C). Thus, there
is a strand bias, but this is less pronounced than in E.
coli. With phage Che9c gp61-mediated recombination in
M. tuberculosis, there is an even stronger strand bias
and an oligonucleotide targeting lagging strand DNA
synthesis can recombine more than 10,000-fold more
efficiently than its complementary oligonucleotide (20).
Thus, for ssDNA recombineering in C. glutamicum, there
is no need to differentiate between the two
complementary ssDNA oligos possible, and with the
oligo length of choice, approximately 10° recombinants
are obtained per assay.

We also performed experiments to reduce a
possible mismatch repair during recombination, and we
used C-C mismatches or mismatches at consecutive
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wobble positions nearby to the correcting base making
silent mutations (Supplementary Figure S1). An up to
1.3-fold increase in recombineering frequency was
obtained demonstrating the importance of sequence
context. This is rather low compared to the comparable
experiments on E. coli and it could indicate a difference
in the mismatch repair system between these
organisms, as indicated by comparisons of the repertoire
of DNA-repairing enzymes in Corynebacterium species
(33). However, this aspect warrants further studies.

Recombineering and direct producer isolation by
product sensing

Whereas selection for antibiotic resistance is useful
to establish recombineering, it is of limited use for
producer strain development. To overcome this problem,
screening methods for nonselectable recombinants such
as hybridization of colonies, and other techniques were
established (16). We developed optical sensors which
respond to increased product formation in single cells by
emitting fluorescence (6,34). These sensors provide a
direct signal when a “productive mutation” is introduced.
It enables the selection of productive mutants in
ultrahigh-throughput ~ screens  using  fluorescence
activated cell sorting (FACS).

One metabolite sensor we have developed is
pSenLys. It is based on the transcriptional regulator
LysG of C. glutamicum (Figure 3), which recognizes
increased L-lysine concentrations in the cytosol to drive
transcription of its target gene lysk (35). The fusion of
lyse with eyfp results in cells emitting increased
fluorescence at elevated L-lysine concentrations (6). To
assay for the use of this metabolite sensor and FACS
screening of recombinants, we chose lysC as a
recombineering target in the chromosome of C.
glutamicum. lysC encodes the aspartate kinase, which
controls the entry of L-aspartate into the L-lysine
synthesis pathway (Figure 3). When the codon ACC at
position 931 to 933 of lysC is changed to ATC a
threonine is replaced by isoleucine in the protein
sequence. As a consequence, the kinase is no longer
feedback inhibited by L-lysine and the wild type is
converted into an L-lysine producer (36).

Cells of C. glutamicum pEKEx3-recT pSenLys were
induced for expression of RecT and electroporated with
10 pg of the oligo lysC-60-EcoRV*. This 60-mer carries
in the middle the sequence GTGAAGATGATATCGG,
with the nucleotides in bold being exchanged. The
underlined codon introduces [lysC-T311l, and the
nucleotides in italics an adjacent EcoRV site. After
regeneration and segregation, cells were grown in
minimal medium CGXIll-glucose, and cells with
increased fluorescence enriched via FACS. The gate for
cell selection was chosen according to the fluorescence
of the L-lysine producer SBK052 carrying pSenLys
(Figure 4). The enrichment culture derived from the
recombination assay was then analyzed again with 2.4%
of the cells exhibiting the increased fluorescence as
expected for an L-lysine producer. This number was
0.05% for the negative control which received water
instead of the oligo (Figure 4). Cells with increased
fluorescence were spotted onto petri dishes, and from 12
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Figure 4. Principle of RecFACS as demonstrated for introduction of the productive lysC-T311] mutation. After recombineering, cells were grown in liquid
culture on minimal medium, and subjected to FACS selection for an enrichment of positive clones. The setting of the gates was done with negative and
positive controls electroporated and cultivated in parallel. The enrichment cultures were used for the 2nd FACS selection, where cells were spotted on petri
dishes and subsequently cultivated in a microtiter plate to follow growth and fluorescence. The correct genomic integration and product formation of
fluorescent clones was finally verified by sequencing and L-lysine quantification in culture supernatants.

clones the lysC target amplified via PCR. The
diagnostic restriction analysis revealed that the EvoRV
restriction site was present in five clones resulting from
the recombineering assay, whereas this was not the
case for any clone of the negative control.

One-step diversity generation
selection

and producer

To go even further with respect to the possibilities
offered by the single-cell metabolite sensor and high-
frequency recombineering, we aimed to generate
genetic diversity at a given locus across a population in
one single experiment. A related attempt has been
successfully demonstrated for E. coli and lacZ as a
target via multiplex automated genome engineering
(MAGE) (4). Combining diversity generation by
recombineering with our sensor technology should allow
the direct selection of diverse productive cells. The
target gene chosen for this experiment was murE
(Figure 3). In previous work we identified this gene by
whole genome sequencing as an attractive target to
engineer L-lysine synthesis, and found that the specific
mutation murE-G81E results in increased L-lysine titers

(6).

Twenty different 100-mer oligos were designed,
each with 2-3 nts exchanged in the middle of the
sequence to introduce the respective codons for any of
the 19 amino acids in position 81 of murE, except the
original codon and plus one oligo with stop codon
(Supplementary Table S2). A mixture of these oligos, 1
ug each, was added to recombineering competent C.
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glutamicum  pEKEx3-recT  pSenLys (Figure 5).
Regenerated cells were inoculated as above on minimal
medium and cells were screened via FACS without an
enrichment step. We set a sorting gate based on positive
and negative controls, which would collect all 10.000
cells analyzed from DM1728 pEKEx3-recT pSenLgs but
only 8 cells from WT pSenLys. Using this gate 10> cells
of the recombineering assay were analyzed and 220
positive cells spotted onto a petri dish. Using tooth picks
132 clones were inoculated into 0.8 ml CGXIll-glucose in
flower plate wells. 126 cultures grew, of which 53
exhibited increased fluorescence. The oligos were
designed in such a way that a chromosomal Pvull
restriction site would disappear upon successful
recombineering. A diagnostic restriction analysis
revealed that this was the case in 21 clones, which were
subsequently sequenced. One clone was obtained in
which G in position 81 of MurE was replaced by V, and
two or more clones where a C, F, L, N, S, W, or Y was
present in this position. The experiment was repeated
starting from new recombineering proficient cells and
yielded a comparable result.
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Figure 5. RecFACS to create producers with genetic diversity at codon 241-243 of murE in the genome of C. glutamicum wild type. A
mixture of oligonucleotides murE1 to murE20 was used for ssDNA recombineering and recombinants with productive mutations were
selected via FACS. Thirteen of the twenty possible recombinants were obtained (table), exhibiting L-lysine formation to different degrees

(black bar).

All data and analyses of individual clones are given
in Supplementary Table S3. The combined data are
given in the table included in Figure 5. In total, 44
recombinants were derived, a broad range of
substitutions were obtained and G81 was replaced by 12
different amino acids. The mutations were ranked in the
table according to the fluorescence of the respective
cultures, and this largely agrees as expected with L-
lysine accumulation. With the exception of the G81S
mutation, all mutations produced L-lysine. Furthermore,
the production of individual clones carrying the same
mutation is largely consistent (Supplementary Table S3).
Thus, RecFACS, the combined use of metabolite
sensors in conjunction with recombineering, allows in
one single step the selection of productive mutants
exhibiting a range of genetic diversity at a defined
genomic locus.

DISCUSSION

Recombineering with ssDNA is easy and rapid to
perform requiring just the presence of an SSAP. It has
already been realized for different bacteria.
Gammaproteobacteria clearly represent the largest
group for which recombineering has been demonstrated
(1,2), and its application is best developed for E. coli

(4,37). Recombineering has additionally been
demonstrated for a few other bacteria including Bacilli
and Mycobacterium species (3,18,19). In the present
work, we assayed five different SSAPs for functionality in
C. glutamicum, among them cauri_1962. This is present
in the genome of C. aurimucosum at a locus where
phage-related proteins occur (38), and our work
demonstrates that the protein encodes a functional
recombinase.

The highest recombineering activity in C.
glutamicum is obtained with RecT enabling frequencies
exceeding 10°® recombinants per assay. This is only
about one order of magnitude away from that obtained
with Bet in E. coli with a proper genetic background like
with a decreased activity of the methyl-directed
mismatch repair system (10). Apart from the possible
use of such mutations in C. glutamicum, it is evident
from the variation of vector use and induction time that
there is still room for further optimization of the
recombineering system in C. glutamicum. Signficant
activities were also obtained with gp43 and gp61. In
these latter cases, the formation of the corresponding
SSAPs might be limiting because the codon adaption
index is less than 0.29 for both genes, suggesting weak
protein formation.

33



Results

While selectable phenotypes, e.g. drug resistance
or auxotrophy, are useful for the development of
recombineering, this is less so the case if the production
quality for a small molecule is to be improved. The
reason is twofold: first, small molecules usually have an
inconspicuous phenotype, and second, plate assays for
phenotypic selections are limited with respect to the
number of clones which can be analyzed. To overcome
limitations in the absence of a direct selectable
phenotype, a two-step protocol for E. coli can be used to
modify a region of interest, where in the first step the
target region is replaced by cat-sacB as a dual selection
cassette (16). A recent technique developed for E. coli is
the simultaneous use of two oligos with one of them
introducing a selectable marker within 500 kb of the
second target (37). Since the frequency of co-selection
of the second target is up to three-fold higher than
without selection, the numbers of clones to be
characterized by subsequent colony PCR are reduced,
for instance.

Our previously developed sensor technology
provides an effective screen for single cells producing
small molecules, such as amino acids (6). In contrast to
plate assays, it is an ultrahigh-throughput technology. Its
use together with recombineering - a procedure we call
RecFACS - opens up a number of exciting possibilities
to engineer genomes with the direct selection of
producers. As the first example, we demonstrated this
for the nucleotide exchange C—T at position 932 of the
aspartate kinase of C. glutamicum resulting in LysC-
T311l. The mutation reduces feedback control of the
kinase, making the strain an L-lysine producer. Since
kinase mutations are known to control the enzyme
activity to different degrees (39), these — or other
mutations known to increase L-lysine productivity - can
now easily be introduced in strains to assay for their
consequences on L-lysine formation.

RecFACS enables the direct selection of productive
mutations. Even better, it allows the introduction of
genetic diversity during producer creation. This is an
additional quality of RecFACS as we have demonstrated
for murE when we performed target-specific random
mutagenesis. In one single experiment, a range of
substitutions of MurE-G81 were obtained. In addition,
the correlation between fluorescence of the isolates and
their L-lysine accumulation is given, as we expected
from the increasing cytosolic steady-state concentrations
of  producers, which correlate with sensor
responsiveness (6). A few clones of the same mutation
were potential outliers. This can simply be counteracted
by analyzing a larger number of clones.

Some of the 20 mutagenic oligos did not result in
productive isolates by RecFACS, and there are various
explanations for this. Among them is recombineering
itself. The pool of 100-mers we used differed over a
sequence of up to 4 nts and it has been demonstrated
that oligos with more homology to the target will be
incorporated into the chromosome at a higher frequency
than those with less homology (4). Moreover, although
the DNA repair system of C. glutamicum is poorly
defined (33), methyl-directed mismatch repair of E. coli
is very sensitive to sequence context which can lead to
an about 100-fold variation in oligo recombination
frequency (40). Another reason for the absence of some
amino acid substitutions is that they are either non-
productive or that they result in poor or even absent
UDP-N-acetylmuramoyl-L-alanyl-D-glutamate:meso-
diaminopimelate ligase activity. This particular activity is
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required for cell-wall synthesis and is essential for E. coli
(41). Enzymes with poor activity will result in poorer
growth and might be outgrown before the FACS
selection step of RecFACS.

In summary, extensive genome recombineering as
achieved in E. coli is now accessible for C. glutamicum.
Even more importantly, the potential of recombineering
is significantly increased due to its alliance with
metabolite sensors and establishment of RecFACS.
Genetic diversity of productive mutants can be readily
created. The technology can easily be extended and is
expected to boost microbial strain development for
small-molecule production in general.
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Redox reactions are at the core of cellular metabolic processes
and about one quarter of the known enzymes are
oxidoreductases.[73] A feature of many of these enzymes is
their stereo- and regiospecificity. Pharmaceutical industry takes
advantage of these properties, as well as from the mild and
environmentally friendly conditions at which enzyme-catalyzed
reactions proceed. Among such processes, alcohol
dehydrogenases are of particular interest.[74-76] 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 continuous supply of
the reduced cofactor for the reaction to proceed.[74, 77] This
applies both for isolated enzymes and for whole-cell

processes.[78, 79]

soxR onS' eyfp eyfp

NADPH-consuming
Ketones enzymes Alcohols
Aldehydes Carboxylic acids

Keto acids Amines

SOXR soxS”

reduced
[2Fe-2S]'

oxidized
[2Fe-2S]"

Scheme 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. 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 an auto fluorescent protein (eYFP),
which allows identifying cells with a low NADPH level by their
increased fluorescence.

In our studies with Escherichia coli on the reductive
biotransformation of methyl acetoacetate (MAA) to (R)-methyl
3-hydroxybutyrate (MHB) by an NADPH-dependent alcohol
dehydrogenase from Lactobacillus brevis,[78, 80] we noticed an
increased mRNA level of the soxS gene at high NADPH
demand. SoxS and SoxR are transcription factors involved in the
oxidative stress response of E. coli.[81, 82] The genes of the
SoxRS regulon mediate the cellular response to superoxide, to
diverse redox-cycling drugs like paraquat, or to nitric oxide.
SoxR is a homodimer with two [2Fe-2S] clusters. Only when
oxidized to [2Fe-2S]*" they confer transcriptional activity to
SoxR, which in turn results in expression of soxS. SoxS then
activates expression of the SoxRS regulon, which includes e.g.

sodA, fumC and zwf. Inactivation of SoxR involves NADPH-
dependent reduction catalyzed by the rsxABCDGE and rseC
products.[83] Following the original idea of the Fridovich
laboratory in 1992 that the SoxRS regulon “perhaps does
respond to some consequence of a decrease of the ratio of
NADPH to NADP™[84], which was supported by recent
studies[85], we here provide further evidence that SoxR senses
the NADPH availability. We use this finding to develop a sensor
for the in vivo analysis of NADPH-dependent reactions offering
a number of interesting possibilities for high-throughput analysis
and development of NADPH-dependent enzymes.

To construct the NADPH sensor plasmid pSenSox, soxR of
E. coli DH5a together with the soxR-soxS intergenic region and
63 bp of the soxS coding region were cloned in front of eyfp,
thereby placing synthesis of the autofluorescent protein eYFP
under transcriptional control of the soxS promoter (Scheme 1;
see Supplementary Information for details). The sensor plasmid
also encodes the NADPH-dependent alcohol dehydrogenase of
L. brevis, LbAdh, under the control of an isopropyl B-D-
thiogalactoside-inducible promoter. LbAdh was previously
shown by us and others to efficiently convert MAA
stoichiometrically to MHB.[78, 80, 86, 87]. E. coli BL21(DE3)
was transformed with plasmid pSenSox and whole-cell
biotransformation assays were performed using up to 70 mM
MAA.[86, 87] Fluorescence of the cultures was recorded online
using a BioLector system (Figure la, see Supplementary
Information for details).

Upon addition of MAA the cultures started to emit
fluorescence with the initial slope of fluorescence increase being
independent of the MAA concentration added (Figure la). For
the lowest MAA concentration of 10 mM, the specific
fluorescence maximum was achieved already after 1 hour, when
MAA reduction to MHB was complete.[86] When increasing
concentrations of MAA were used, the fluorescence maxima
also increased and were reached at later time points (Figure 1a).
This correlates with the increased time required for MAA
reduction to MHB, during which the NADPH demand is
increased. Importantly, the maximal fluorescence intensity
obtained for different initial MAA concentrations remained
constant for several hours, due to the high stability of eYFP.
When the specific fluorescence achieved after 10 h was plotted
against the initial MAA concentration, an almost linear
relationship was obtained up to 60 mM MAA (Figure 1b). 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. Also at the
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single cell level the increased fluorescence at increasing initial
MAA concentrations was visible by epifluorescence
microscopic analysis (Figure 1c) and also by flow cytometry
(see Supporting Information for details).
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Figure 1. a) Specific fluorescence of E. coli carrying the NADPH
biosensor pSenSox during biotransformation of 10 mM (dark
blue), 20 mM (brown), 30 mM (green), 40 mM (purple), 50 mM
(light blue), 60 mM (yellow) and 70 mM (grey) MAA to MHB via
the NADPH-dependent alcohol dehydrogenase LbAdh. In black a
control without MAA is shown. b) The specific fluorescence
obtained after 10 h of biotransformation was plotted against the
initial MAA concentration (B). 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.

Table 1. Dependence of the maximal specific fluorescence from
the specific LbAdh activity of cells.

activities lead to an increased NADPH consumption rate which
in turn reduces the rate of NADPH-dependent reduction of
oxidized SoxR, leading to an increased SoxR activity. Thus, the
pSenSox system offers the possibility to distinguish NADPH-
dependent enzymes with varying specific activity.

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).[88-90] Based on these results we tested if also single
cells differing in their specific Adh activity can be analysed and
sorted via FACS. For this purpose, E. coli cells carrying either
pSenSox (6.2 U mg™), pSen-L194A (2.7 U mg™), or pSenNeg
(0.03 U mg’1) were used for biotransformation of 70 mM MAA.
The resulting combined histogram (Figure 2a) showed three
well resolved peaks of eYFP fluorescence indicating that the
three strains differing in their specific Adh activity form
homogeneous populations. Using an appropriate gate (P1),
where 0% of the cells with background fluorescence (carrying
pSenNeg) would be selected, still 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 the
NADPH sensor for HT-screening of alcohol dehydrogenase
mutant libraries. To do this we introduced mutations in LbAdh
by saturation mutagenesis at positions Ala93, Leul52, and
Vall95 and randomly by error-prone PCR. The cells of the
mutant library were then used for reductive biotransformation of
20 mM 4-methyl-2-pentanone (4M2P). This prochiral ketone
was chosen since the reduced product (R)-4-methyl-2-pentanol
is of economic interest, and wild-type LbAdh has only ~12%
activity with this substrate as compared to MAA (15.5 pmol

min" (mg protein)"). After 3 h of biotransformation, the cells
were subjected to FACS. We performed a sort on the library, in
which the lower bound of the sorting gate was set by cells with

E. coli BL21(DE3) IPTG®  LbAdh Maximal
strains activity™ specific
fluorescence™
pSenNeg - 0.03 £ 0.01 0.067 + 0.005
pSenSox + pET28a - 0.5+0.1 0.09 +0.01
pSen-L194S - 0.7+0.3 0.11+£0.01
pSen-L194A - 27+06 0.18 £ 0.04
pSenSox - 6.3+0.6 0.38 £ 0.02
pSenSox + 15.2 #2.0 0.46 + 0.04

wild-type Lbadh after biotransformation of 4M2P and and the
higher bound by the same strain after biotransformation of MAA
instead of 4MP (Figure 2b). 10° cells of the LbAdh mutant
library were analysed and 250 showing high fluorescence were
selected and spotted on plates, of which 123 grew up to
colonies. 96 of them were analyzed in a microtiter plate for

EPTG was added to 1 mM. PILbAdh activity of cell-free extracts is
given in umol min™ (mg protein)”. Values were measured after
19 h of biotransformation with 40 mM MAA.

In a next series of experiments we tested the influence of
varying LbAdh activities on fluorescence output at a constant
MAA concentration (Table 1). For this purpose, strains with a
specific LbAdh activity between 0.03 U (mg protein)’
(background activity) and 15.2 U (mg protein)” were used in
biotransformations with 40 mM MAA. The different Adh
activities were achieved either by varying the expression level of
the wild-type enzyme by induction or repression or by using
mutant LbAdh proteins with the amino acid exchanges
Leul94Ser and Leul94Ala. In the biotransformation assays,
constant fluorescence was achieved after 10 hrs. As shown in
Table 1, higher LbAdh activities led to higher maximal specific
fluorescence. This suggests that increasing specific Adh

fluorescence intensity after 2 h incubation with 4M2P. From 6
selected clones with high specific fluorescence the specific
LbAdh activity was determined and one clone was identified
having a 36% increased activity with the substrate 4M2P
accompanied by an 8-fold increased Ky, value (Table 2). The
plasmid of this mutant clone was fully sequenced and found to
contain a single mutation in the Lbadh gene leading to an
Ala93Met exchange.

The present study supports the view that SoxR of E. coli is
activated under conditions causing an increased NADPH
demand, such as reductive biotranformation with LbAdh. Such
conditions impede the NADPH-dependent reduction of oxidized
SoxR by the rsxABCDGE and rseC products, which ensure
inactivity of SoxR despite its presumably permanent oxidization
under aerobic conditions. It is thus likely that all conditions
leading to activation of SoxR are associated with an increased
NADPH demand. By coupling SoxR activity to the synthesis of
an autofluorescent protein, SoxR can be used to monitor cellular
NADPH consumption. The correlation between NADPH
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consumption and fluorescence is visible at the single-cell level
and suitable for FACS analysis, allowing the highest throughput
assays currently possible. Therefore, the SoxR sensor provides a
generalized high-throughput screening system for NADPH-
consuming enzymes. As long as educts and products can enter
and leave the cytoplasm of the sensor-containing cells, libraries
of dehydrogenases requiring NADPH, or P450-monooxygenases
which are also dependent on NADPH, can now be assayed in a
high-throughput format without development of specific assays.
This novel technology is expected to expedite the availability of
new enzymes for the synthesis of chiral compounds
significantly.

a)

Count —»
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eYFP-A —»

o

Enzyme® Vinax? K™
umol min™ mg™ (mM)

LbAdh 1.94 £ 0.02 0.11£0.01

LbAdh-A93M 2.62 +0.03 0.88 +0.07

eYFP-A —»

FSC-A —»

Figure 2. 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™ LhAdh acitivity), pSen-L194S (yellow, 0.70
U mg"' LbAdh activity), or pSenSox (red, 6.28 U mg"' 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 dot plots displaying
the FSC signal (forward scatter) and the eYFP signal of E. coli
cells carrying pSenSox after reductive biotransformation of 20
mM 4M2P (left side) or of 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 the variant LbAdh-
A93M for the substrate 4-methyl-2-pentanone

[a] Enzyme activities were determined with crude extracts of the
respective strains carrying either pSenSox or pSen-LA93M. [b]
Mean values and standard deviation from three replicates are
given.

‘ywords: NADPH biosensor - alcohol dehydrogenases -
enzyme evolution - single-cell analysis - FACS
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SoxR-SoxS as single-cell biosensor for
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One sensor for many enzymes: NADPH is an important reducing agent in
enzymatic and cellular synthesis of chiral building blocks and pharmaceuticals. We
use the transcription factor SoxR to construct a single-cell biosensor which couples
increased NADPH oxidation rate to the synthesis of an auto fluorescent protein in
E. coli. This tool enables to monitor NADPH-dependent enzymatic conversions by
whole cells, and the screening of large libraries of NADPH-dependent enzymes via
FACS.
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4, Discussion

4.1. Nanosensors for the detection of intracellular metabolite concentrations

The key requirement for visualization of a single cell with an elevated concentration of the small-
molecule of interest is a suitable in vivo sensor with sufficient sensitivity and specificity. There are
basically three different types of devices to monitor cytosolic concentrations as fluorescence output.
These are FRET sensors, RNA devices and transcription factors. Each with their own advantages,
disadvantages, and developed to varying degree.

FRET sensors are based on Férster resonance energy transfer between two different
chromophores. When these chromophores are connected by a protein that alters its structure in
response to the analyte concentration, this alters the output signal of the chromophore, which was
not excited with light. A variety of such sensors based on bacterial periplasmic binding proteins have
been developed [91]. FRET sensors are available to detect sugars, amino acids, nucleotides, ions, and
other molecules. However, the sensitivity of the signal is low and there is only one single report,
where such a sensor in E. coli has been used to monitor the tryptophane concentration [92].
However, this was only possible in cultures not in single cells, due to the low sensitivity. An
advantage of FRET sensors is that they provide temporally resolved quantitative information.

The second type of sensors is based on RNA devices. These are currently developed and used
mostly for Saccharomyces cerevisiae. RNA aptamers bind to a specific target molecule, the analyte,
and they can be combined with ribozymes [93]. Constructions are possible where in absence of
analyte the transcript of the target gene, usually gfp, is self-cleaved. Therefore, in response to the
analyte no cleavage occurs. Such a construct has been applied to monitor theophylline in S.
cerevisiae and to select via FACS for increased activity of a caffeine demethylase [48]. Prototypes of a
number of RNA-based sensors have been developed [94].

The third option is to use transcription factors. In such a system proteins are used, which regulate
a promoter’s transcriptional output in response to a small-molecule ligand, to report on the
concentration of the small-molecule in vivo. Transcription factors have long been used to construct
whole-cell biosensors for the monitoring of environmental small-molecule pollutants by culture
fluorescence [95]. However, this same approach has remained largely untranslated towards single
cell analysis and library screening. An advantage of transcription factors is that many of them
recognize small-molecules and a large number of proteins with different specificity naturally exist.
Moreover, the specificity of transcription factors can be engineered [96]. In one example the
transcription factor AraC, whose natural ligand is arabinose, was engineered to exhibit fluorescence

in response to mevalonate [46]. However, this mevalonate sensor was not used in FACS screenings
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for the isolation of mutants with increased mevalonate synthesis. Instead, it was used to visually
inspect colony color on petri dishes for response to mevalonate-induced /acZ expression [47].

In the present work the metabolite sensor pSenLys (Fig. 3) was constructed and used. It is based
on the transcriptional regulator LysG of C. glutamicum, which senses elevated concentrations of
basic amino acids, causing transcription of its target gene lysE. In pSenlys lysE is replaced by eyfp. In
addition, pSenLys encodes for Ptac-driven crimson, leading to red fluorescence after induction with
IPTG. Crimson is a far-red protein, derived from DsRed—Express2 [97], and shows ideal fluorescent
properties in flow cytometric experiments. It proved useful in the present work in mutant screens as

inducible marker for living cells.

o ysG .—lﬁﬁ——nm eyfp
2 promotor,

Regulator
binding site

L-lysine .
@

Regulator
binding site

Figure 3: Metabolite sensor principle. The Transcriptional regulator LysG senses elevated concentrations of L-lysine to
control transcription of its target gene lysE. Replacing the target gene sequence by eyfp, converts the cytosolic metabolite
concentration into a graded optical output. This enables quantification of metabolite concentrations in a single cell.

Whereas in previous examples the responsiveness of sensor proteins, such as Lacl, is deduced
from the external addition of the effector molecule and whole culture response [98], the
responsiveness of pSenlys is quantified in relation to the intracellular L-lysine concentration in
C. glutamicum. There is a graded response in fluorescence in the range of 4 to 25 mM intracellular L-
lysine. This enables FACS separation of cells exhibiting different productivity. In case the range should
be extended, several options exist to do this. One option is to reduce the specificity of LysG towards
L-lysine by mutation of the protein, or by altering the target sequence. This could be done using the
newly developed recombineering routine for C. glutamicum. Another option is to increase the export
rate. Indeed, this has already been achieved with strain DM1920. This strain is isogenic to DM1919,
but contains two copies of the L-lysine exporter gene instead of one. DM1920 exhibits about half the
fluorescence of DM1919 and it contains about half of the cytosolic L-lysine concentration compared

to DM1919 (Fig. 1a in Binder et al. Genome Biology 2012, 13:R40).
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This instructive example also clearly demonstrates that the transport step for the conversion of
sugar to L-lysine by the catalyst C. glutamicum is a protein catalyzed reaction. This reaction can be
limiting, as any other step within L-lysine synthesis can be. This limitation also represents a
prerequisite for the sensor technology, since otherwise single cells with increased productivity would
not necessarily have an increased intracellular concentration of the metabolite of interest. In general,
the influence of export in microbial production processes is only rarely considered. One example is a
recent work on biofuel production with E. coli [6]. 43 efflux pumps from different microorganisms
were assayed for tolerance of E. coli towards the toxic biofuel. The intrinsic assumption was that they
actively export the biofuel to reduce its cytosolic concentration. Whereas no carrier could be
identified to improve tolerance towards n-butanol and isopentanol, carriers could be identified
originating from Alcanivorax borkumensis or Marinobacter aqueolei, which enhanced tolerance to
geranyl acetate. In another example the impact of the export carrier RhtC of E. coli was shown for L-
threonine production with C. glutamicum [99]. Expression of rhtC in C. glutamicum resulted in an
increased export rate from 2.3 nmol min® mg™* to 11.2 nmol min™ mg?, and an increase in
extracellular L-threonine accumulation from 21 mM L-threonine to 54 mM.

The sensor pSenLys also reacts upon addition of the dipeptides LysAla, ArgAla and HisAla (Fig. 1le
in Binder et al. Genome Biology 2012, 13:R40). This was expected, because LysG is able to recognize
L-arginine and L-histidine in addition to L-lysine [100]. Dipeptides offer the possibility to trigger the
cytosolic concentrations of amino acids in C. glutamicum and E. coli [100]. This has been used to
assay for functionality of additional sensors constructed in this work. The higher fluorescence
response to HisAla and even ArgAla of pSenlys, in contrast to LysAla could indicate a higher import
and/or hydrolysis rate of the peptides. However, competition experiments with mixtures of ArgAla
and LysAla and determinations of cytosolic concentrations have shown that LysG has comparable

affinity towards L-lysine and L-arginine [100].

4.2, Screening and isolation of new L-lysine producing strains after mutagenesis

Use of fluorescence activated cell sorting (FACS) for screening purposes enables a throughput of
more than 10° cells per experiment. Therefore FACS is the optimal choice for screening of huge
libraries [33]. In the present work, the applicability of pSenLys was demonstrated by separating a
mixture of cells of the WT, DM1728, and DM1919 (Fig. 1d in Binder et al. Genome Biology 2012,
13:R40). This cell mixture consisted of a non-producer, an intermediate producer, and a good
producer and was grown on minimal medium. FACS differentiation was easily achieved. However,
the situation is totally different when a mutant population has to be screened amongst others, since

steps with complex medium are involved.
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The mutagenesis itself is performed in complex medium BHI. The mutagen chosen was N-methyl-
N'-nitro-N-nitrosoguanidine (MNNG), which is one of the most effective chemical mutagens for
creating genetic diversity [28]. It has already successfully been used in previous applications to
isolate mutants of C. glutamicum. For instance, auxotrophic mutants of C. glutamicum were isolated
[101], as well as mutants with aspartate kinase inhibition abolished and therefore producing L-lysine
[30]. Due to mutagen treatment a number of cells die, and those surviving have to be recovered on
complex medium. This makes a subsequent screening impossible, due to strong fluorescence of cells.
Fluorescence in this case is most probably due to an elevated concentration of peptide-derived
amino acids within the cell. In addition, a high amount of cell debris is present in the sample where
cells recover.

Therefore, a two-step enrichment strategy was developed to enable screening after mutagenesis.
After mutagenesis and recovery cells are grown on minimal medium and applied to a dual color
screen. The first color, which is Crimson, serves to enrich for viable cells. EYFP, as second color,
indicates the intracellular L-lysine concentration. The development of the respective time points used
for screening of cells is demonstrated for a mixture of ATCC13032 and DM1728 in figure 4. The cell
mixture was transferred from complex medium to minimal medium, and IPTG was added (Fig. 4,
top). The Crimson signal appeared after 2 hours, and was stable for more than eight hours.
Therefore, it could be expected that viable cells in a mutagenized population would exhibit a strong
Crimson signal after two hours. Next the L-lysine specific EYFP-fluorescence was followed in the cell
mixture (Fig. 4, bottom). Here it can be seen that initially all cells, which originated from a BHI-grown
culture, exhibited strong fluorescence and only after 8 hours the population of the non-producer and

the producer can be distinguished by their EYFP signal.

This result was the basis for the actual screening of the mutant population. In a first screening
round a population exhibiting Crimson- together with EYFP-fluorescence - was enriched, representing
metabolically active mutants with a functional L-lysine sensor. In the second screening single-cells
showing increased cytosolic L-lysine concentrations were sorted with a high efficiency due to a
suitable signal-to-noise ratio. Smolke et al. have chosen a related type of enrichment for the
selection of S. cerevisiae mutants [48]. These authors called it dual-color screening and also used two

different fluorescent markers on one plasmid to improve the signal-to-noise ratio in selections.
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Figure 4: Development of Crimson and EYFP signals in mixtures of equal numbers of ATCC13032 and DM1728. To simulate
the transfer of the mutant glycerol stock into minimal medium, the two cell types grown on BHI were mixed, glycerol was
added and cells frozen. (a) Cells from the stock were diluted in minimal medium plus 0.1 mM IPTG. At the beginning of
cultivation and 2, 4, and 8 h later, cells were assayed by flow cytometry for development of the Crimson signal. After 2 h,
the majority of cells expressed Crimson, indicating active protein synthesis and thus living cells. (b) Cells were diluted as
above and assayed at the beginning of culture and 4, 8, and 24 h later by flow cytometry for the EYFP signal. All cells
derived from the complex medium exhibited high levels of fluorescence. After 4 h the majority showed reduced
fluorescence and after 8 h the signals specific for the two populations were apparent.

4.3. Identification of new mutations by whole-genome sequencing

The current number of genes known in C. glutamicum, where mutations cause increased L-lysine
synthesis, is about 12 [19, 24]. These mutations serve to increase flux through the L-lysine pathway
itself, or to increase the pyruvate and oxaloacetate pool, or to increase the NADPH supply. Genome
based strain reconstruction has been proven to be a useful strategy to identify mutations and to
reconstruct L-lysine producing strains. Ikeda et al. [32] partially reconstructed the industrial producer
C. glutamicum B-6 resulting in a strain accumulating a high concentration of L-lysine. However, the
reconstructed strain could not compete with the productivity of the classically derived strain [32].
Another example is the use of 12 defined genome alterations. Among them, three mutant alleles
derived from a classical strain, together with promoter mutations and gene duplications, resulted in a
defined strain producing L-lysine with a yield of 0.55 g per gram of glucose (120 g I) in fed-batch
culture [19]. Both approaches have in common that a feedback resistant allele of lysC and a less
active hom gene were the starting points for strain reconstruction.

The results of the present work support the importance of aspartate kinase in L-lysine
overproduction, due to the high number of isolated strains carrying mutations in lysC. Among these
are known and also new mutations (Fig. 4 in Binder et al. Genome Biology 2012, 13:R40). While 15
strains of the 40 mutants analysed carry mutations in lysC, seven contain a mutated hom gene.

Moreover, also one thrB and two thrC mutations were identified (Fig. 4 in Binder et al. Genome
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Biology 2012, 13:R40). To assay for the impact of these identified mutations, they were introduced
individually into the WT background. Four new strains were constructed, carrying either a lysC, two
hom or the thrB mutation. The resulting strains were able to produce small concentrations of L-
lysine, but in no case the reconstructed strain was able to reach L-lysine concentrations comparable
to the isolated strain (Tab. S3).

These data verify the impact of these genes on L-lysine synthesis. At the same time they illustrate
that there are still unknown mutations improving L-lysine synthesis and which are of importance for a
further increase of L-lysine formation. Even more important, 16 of the 40 mutants analyzed in the
present work did not exhibit any mutation in lysC or hom. All together, these facts indicate that there
are still treats of importance for L-lysine synthesis, but which are still unknown. Thus, genes could be
affected in producer strains directly being related to the biosynthesis of the product. Also indirect
effects are imaginable, such as those influencing osmotic effects, RNA stability, or regulation. From
Japanese work it is known that in the classically derived strain C. glutamicum B-6 genes of different
amino acid biosynthesis pathways exhibit increased expression due to still unknown mechanisms
[102]. Moreover, the analysis of a classically derived L-arginine producer showed increased
expression of arginine biosynthesis genes in a manner not achievable by plasmid-encoded expression

[103].

For a further investigation of the mutants isolated in this work, the genome sequence for 10
strains without lysC or hom mutation was derived. A complete list of all single nucleotide
polymorphisms (SNPs) identified is given in supplementary material 6.3. The strains chosen exhibited
significant L-lysine accumulation between 2.6 and 15.9 mM and differences with respect to growth
rate and specific fluorescence. In total 1329 SNPs were identified in the ten genomes. All SNPs were
transitions causing a single nucleotide exchange. This is in accordance with the bias introduced by
MNNG treatment [104]. Despite the difference in the phenotypic characteristics of the strains
chosen, some of them exhibited a strong relation with respect to the number of mutations shared.
For instance strain K012 has 267 mutations, of which 257 are identical to that in strain K093. Also
strains K005, K063 and K112 share 170 mutations and differ only in two genes. This means, that due
to the selection procedure, involving growth for more than 24 h on minimal medium and where
duplication of the mutants occurred, almost identical strains were isolated. The minor difference in
the number of SNPs could be due to MNNG molecules still present in some cells after the washing
step during mutagenesis. For practical purposes, it means that in new approaches the entire

mutagenesis/selection procedure should be reconsidered.

45



Discussion

The number of SNPs in the individual mutants was between 36 and 268. Also from the entire
number of 1329 SNPs, and a comparison of them, currently no reliable conclusion can be drawn.
Unfortunately, this number is too large to study their individual impact on product formation. The
mutations introduced may present a treasure, which is waiting to be uncovered. The reason is that in
several mutants neither lysC, nor hom or murE are mutated. Of course, further genes of the
biosynthesis pathways of threonine and peptidoglycan could be mutated, thus causing a limitation of
metabolites branching off from the L-lysine biosynthesis pathway. Indeed, this is the case for mutants
K051, K118 and K120. The relevance of these mutations has to be assayed. K120 shows a mutation in
gltA, which may down-regulate TCA-cycle flux, as described by van Ooyen et al. [21]. Furthermore, it
is conspicuous that mutants K013 and K093 accumulate L-lysine and L-arginine as well. The
biosynthesis of these amino acid shares common mechanisms and is evolutionary related. Therefore,
a regulatory connection, still to be discovered, might exist. In fact in C. glutamicum one transcript
encodes lysA as a gene specific for L-lysine synthesis and arg$ specific for L-arginine synthesis [105].
Other examples of similar organization between genes for aminoacyl-tRNA synthases and amino acid
biosynthetic enzymes have been described. In this context it is noticeable that the strains K051 and
K120 show SNPs in leuS, encoding for Leu-tRNA synthetase.

Striking is strain K051, showing the highest productivity and also carrying the largest number of
mutations. Among them are mutations in genes known already to be involved in increased L-lysine
formation. The genes pck and gltA, encoding phophoenolpyruvate carboxykinase and citrate
synthase, are known to increase the supply of pyruvate and oxaloacetate for L-lysine synthesis when
mutations reduce their activities [21, 106]. Specific mutations in zwf and gnd of the pentose
phosphate pathway are also known to increase L-lysine formation due to an increased supply of
NADPH [32]. KO51 carries mutations in all of these genes. Also, mutations in branched-chain amino
acid metabolism have been demonstrated to increase lysine formation [107], and K051 carries a

mutation in iIVE, as well as in the Leu-tRNA synthetase leuS.

Of particular interest was the murE mutation (murE-G81E) in K051, coding for UDP-N-
acetylmuramyl-tripeptide synthetase. When murE-G81E is introduced into the genome of a
C. glutamicum producer strain, but also into the wild type DM1132, L-lysine formation is increased. It
can be hypothesized that catalytic activity of this enzyme is reduced with the consequence, that
more D,L-diaminopimelate is available for L-lysine synthesis. The mutation G81E is located close to
the nucleoside part of the enzyme recognizing UDP-MurNAc-L-Ala-D-Glu, as deduced from the crystal
structure of Murk from Mycobacterium tuberculosis and E. coli [108]. Therefore, murE-G81E and also

murE-S121F, which is located in the ATP-binding site, are the first mutations leading to increased L-
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lysine production uncoupled from a lysC or hom mutation. With the murE-G81E and also the murE-
S121F mutation increased L-lysine formation was obtained in different defined producer strains,
developed to various degrees (Fig. 6 in Binder et al. Genome Biology 2012, 13:R40). This makes murE
an interesting new target to be assayed in industrial producer strains for increased productivity of L-
lysine formation. In addition to the idea that, due to the murE mutation more diaminopimelate is
available for L-lysine synthesis, the limitation of diaminopimelate for cell wall synthesis could also
have regulatory consequences leading to a further flux of aspartate and pyruvate into the
diaminopimelate/ L-lysine biosynthesis pathway. This deserves further investigations. It is known that
a disbalance of diaminopimelate/ L-lysine synthesis as achieved by ddh deletion and ammonium

limitation causes a strong effect on growth and cell wall integrity of C. glutamicum [109].

4.4. Recombineering in Corynebacterium glutamicum

The ssDNA recombineering system developed for C. glutamicum provides a simple and fast method
to efficiently introduce defined mutations into the chromosome. Recombineering has been described
so far for a limited number of organisms (Tab. 1). This is the first report of successful genome editing

in the industrial relevant strain C. glutamicum by ssDNA recombineering.

Table 1: Recombineering in different hosts.

Bacterium Reference Bacterium Reference
Bacillus subtilis [71] Pseudomonas aeruginosa [110]
Enterohemorrhagic E. coli [111] Pseudomonas syringae [112]
Enteropathogenic E. coli [111, 113] Salmonella enterica [114-116]
Klebsiella aerogenes [117] Salmonella typhimurium [118-120]
Lactobacillus reuteri [72] Serratia marcescens [121]
Lactococcus lactis [72] Shigella flexneri [122, 123]
Mycobacterium abscessus [124, 125] Uropathogenic E. coli [126, 127]
Mycobacterium smegmatis [69, 128] Yersinia pestis [129, 130]
Mycobacterium tuberculosis [69, 128]

Pantoea ananatis [70] Corynebacterium glutamicum this work

Use of RecT from the E. coli prophage Rac enables recombineering efficiencies of up to 2x10°

recombinant cells out of approximately 10° surviving cells, when 10 ug of an 75-mer oligo is used. In
Corynebacterium the single strand annealing protein (SSAP) has to be expressed for 4 hours before
competent cells are prepared to achieve optimal results. In addition to RecT, also with the SSAP of C.
aurimucosum high activities were obtained, indicating that the protein could be active — or can

become activated — in C. aurimucosum under special conditions. Use of Gp61 and Gp43 only led to a
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low number of Kan® recombinants, Bet from the A Red system was apparently inactive. Bet works in a
number of Gammaproteobacteria including E. coli, Salmonella, Yersinia, Pantoea, and others [131].
Apparently, the replication machinery of these organisms is sufficiently related to allow expression
and interaction of proteins involved, while that of Corynebacteria is much more distant. Interestingly,
Che9c gp61 and Halo gp43 derived from Mycobacterium species function substantially worse in
C. glutamicum than RecT, although Mycobacteria and Corynebacteria are more closely related, than
Corynebacteria and E. coli. Both belong to the suborder Corynebacterineae and this group of bacteria
share many similarities, such as synthesis and structure of their cell wall. This makes
Corynebacterium a model organism of the human pathogen M. tuberculosis [132]. Nevertheless, the
genome of C. glutamicum has a much lower GC-content of 53.8 % [24] compared to M. tuberculosis
with 65.6 % [133]. Furthermore, the genes gp61 and gp43 only show codon adaption index values
(CAI) of about 0.289 and 0.247 for C. glutamicum ATCC13032, and GC contents of 65.6 and 67.6 %. In
both cases the CAl for M. tuberculosis is above 0.63. Therefore, it is possible that gp61 and gp43 are
not or only weakly expressed in C. glutamicum. It is an attractive option to test codon optimized
variants of these genes in C. glutamicum, which offers the possibility to further increase
recombination frequencies in C. glutamicum. These considerations and the results obtained
emphasize the need to examine more than one possible candidate SSAP for recombineering, as their

activities in a specific host vary considerably.

Electroporation of the test strain with 5 pug of the Kan50*-oligo, designed to create a 2-bp change
in the defective Kan® gene, generated 3x10° colonies per 10° survivors. If only 5-fold lower amounts
were used, the rate of oligo-mediated mutagenesis fell 20-fold. In contrast, using a 2-fold higher
concentration of the oligo led to a 3-fold increase in recombinant cells. More than 10 pg of oligo did
not result in more recombinant cells. The reason could be that an excess of DNA saturates a ssDNA
exonuclease present in the host. This is plausible since such enzymes are present in any organism
required for repair processes [134] and in C. glutamicum three candidate enzymes are annotated as
exonuclease. Furthermore, use of a 75- and 100-mer increased the number of colonies again to up to
2x10° colonies per 10° survivors, which is in comparison to the use of a 50-mer a 4-fold increase. This
largely agrees with the situation in E. coli, where at an oligo length of 60nt the highest level of
recombinants is generated [135]. A surprising result for C. glutamicum is the small difference in
recombination efficiency obtained between use of an oligo annealing to the leading strand or one to
the lagging strand (indicated by *). This bias is much stronger in E. coli, where the recombineering
frequency with an oligo annealing to the lagging strand is 5- to 10-fold increased [61]. In

M. tuberculosis this effect is even more dramatic with a 1000-fold increased frequency [128]. These
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large differences in the bias observed for Corynebacteria, Mycobacteria, and E. coli likely reflect
differences in the repertoire of DNA interacting enzymes between these organisms, as indicated by

genome comparisons of different Corynebacterium species with that of E. coli [136].

4.5. Recombineering and nanosensors: Rapid development of small-molecule producing strains
Genomic diversity is difficult to generate in the laboratory and directed evolution assays are
generally performed in vitro. These methods are limited to laborious and serial manipulations of
single genes and in most cases, when the metabolite of interest is inconspicuous, not suitable for
high-throughput screening systems. Recombineering has enabled many new applications and the list
is continuously expanded [134]. It allows performing manipulations of bacterial chromosomes and
artificial chromosomes (BACs) beyond the capabilities of procedures that involve the use of individual
plasmid constructions. Recombineering also played an important role in the construction of multiple
gene fusions in the chromosome of E. coli [137]. Other examples where recombineering has
expanded the capabilities of genomic studies in E. coli include the development of mutagenic
procedures for E. coli genes [138], the ability to generate strains with reduced genomes [139, 140],
multiplex automated genome engineering (MAGE) for accelerated evolution of E. coli [141], and
genome wide codon replacement [142]. Whereas for several other organisms recombineering is
demonstrated (Table 1), this technology is seldom applied and by far not developed to a degree as
achieved for E. coli.

Recombineering, as genetic tool for genetic diversity generation, in combination with metabolite
sensors offers novel applications for metabolic engineering. Since an inconspicuous molecule is
turned into an optical output, producers can be directly isolated. Thus with an appropriate
nanosensor in hand, producer isolation is in principle as simple as isolating Kan® clones, and an
additional advantage is the suitability of the system for high-throughput applications. One
application demonstrated in this work is the rapid development of a strain producing L-lysine by
removing feedback inhibition of the aspartate kinase. For L-lysine it is known that one single
mutation in lysC [32], hom [17, 18] or murE [this work] leads to L-lysine overproduction. L-lysine is an
inconspicuous small-molecule, which when overproduced does not exhibit a visible phenotype. A
number of recombinant clones carrying the lysC-T311l mutation, leading to L-lysine overproduction,
were isolated by FACS after electroporation of the WT, carrying pSenLys and pRecT, with the lysC-60-
EcoRV* oligo. After a first enrichment step of 10,000 single cells exhibiting increased fluorescence
and further cultivation, sorting gates were set that 2.468 % (Fig. 5b, left) of the enriched population,
but only 0.057 % (Fig. 5b, right) of the negative control matched the sorting criteria. The fact that in

this procedure about half of the cells, obtained after the second screening, carried the lysC-T311l
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mutation, although the others exhibited also the increased fluorescence, could have several reasons.
Maybe during the enrichment process cells with increased fluorescence, due to mutations in lysG for
instance, were also enriched in this particular assay. Indeed, in the first part of the present work,
where pSenlys was used for producer isolation obtained by undirected mutagenesis, it was observed
that about half of the cells exhibited an unexpected high fluorescence, higher than expected from
defined producers (Fig. 3b in Binder et al. Genome Biology 2012, 13:R40). In four cases mutations

occurred in lysG encoded by the sensor plasmid.

The combination of recombineering with FACS offers a number of advantages compared to
conventional strain construction. First, no integrative plasmid has to be constructed. Second, no
laborious steps for integration of the gene into the genome of C. glutamicum involving two rounds of
selection are necessary. This method is time consuming and inefficient due to the fact that up to 10?
clones have to be screened manually for homologous-recombination events by selection and
counter-selection. Third, due to the use of the metabolite sensor positive recombination events are
linked to fluorescence, as far as the integrated SNP leads to an increased productivity. Therefore

recombinant cells can be isolated using high-throughput screening methods like FACS.

Recombinant cells Negative Control
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Figure 5: Dotblots obtained for cultures after recombineering with lysC-60-EcoRV* by flow cytometry. (a) The dotblots
show regenerated cells after electroporation and 1% cultivation (left) and the corresponding negative control (right). 10,000
cells matching the fluorescence criteria set by the indicated gate were enriched and subjected to a 2™ cultivation. (b) Cells
of this cultivation, and matching the criteria of the gate, were directly sorted on agar plates for further characterization.
Each dotblot represents the analysis of 100,000 single cells.
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To take this new technology to the next level, with respect to the possibilities offered by the
nanosensor and high frequency recombineering, we wanted to generate genetic diversity at a given
genomic locus across a population. In strain K051, which has been isolated after chemical
mutagenesis from a WT population of C. glutamicum, murE-G81E was identified as an SNP leading to
strong overproduction of L-lysine when introduced into the genome of the WT and also in different L-
lysine producing strains. For the treatment of C. glutamicum with MNNG it is reported that it solely
induces GeC -> AeT transitions [104], and therefore the amino acid glycine at position 81 could only
be modified to alanine, arginine, aspartate or glutamate. We were interested to answer the question,
whether the developed recombineering and screening procedure can be applied to introduce other
amino acid substitutions in this position, also leading to an increased L-lysine production.

The in vivo site-directed saturation mutagenesis method applied, using the 20 different oligos in
one single electroporation assay, yielded 44 recombinants with a broad range of substitutions
obtained, and G81 replaced by 12 different amino acids. As expected, the specific fluorescent
property of each strain correlated with its productivity (6.2. Table S3). Only a few recombinants
carrying the same mutation accumulated different L-lysine concentrations. It is possible that the
genotypes of these strains differ at other positions in the genome resulting in secondary effects
decreasing productivity. One explanation for this is that the strains used for recombineering still
express recT although it is under control of the inducible Ptac promotor. A disadvantage of Ptac is the
leaky expression of the target gene in the absence of inducer [143]. This may induce additional
unwanted recombineering events in the cell and deserves further studies. It is also possible that
secondary mutations occur due to selective pressure and not introduced by RecT. Moreover, the high
mortality rate between 90 and 95 % during electroporation indicates that during electroporation also
stress, and thus an increased susceptibility to mutagenesis might be present. In general, it would be
an advantage to remove the plasmid encoding the recombinase RecT after recombineering from the
cell, which may be achieved with plasmids carrying a temperature sensitive replicon. Okibe et al.
describes a Corynebacterium glutamicum - E. coli shuttle vector with the two amino acid
substitutions G109D and E180K within the replicase RepA resulting in such a plasmid [144].

The developed in vivo site-directed mutagenesis and screening routine avoids a number of time
consuming steps in strain construction and offers new possibilities not yet attained so far, and
increases the throughput to a maximum. It enabled rapid in vivo diversity generation of murE
avoiding inefficient construction of 20 different pK19mobsacB integration vectors and separate
integration of these alleles into the genome of C. glutamium. A major improvement is that in vivo
diversity generation is no longer limited to a certain bias of a chemical mutagen, because unbiased

oligos can be used to introduce a defined set or random mutations. Another application could be the
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screening for mutations responsible for L-lysine formation in the strains with their entire genome
sequenced. Strain K117 could be an interesting first candidate, because it produced about 7 mM of L-
lysine and only carries 36 mutations which could have an impact on L-lysine overproduction. In case
that only one mutation is responsible for the L-lysine production in the WT of C. glutamicum, this
method could be applied for systematic screening. The system described here may add a basic key
tool necessary for simple construction of improved strains for the industrial production of small-

molecules.

4.6. A new class of nanosensors: detection of cytosolic NADPH/NADP" levels

For the production of chiral alcohols and amino acids it has been shown, that biotransformation has
become an important method in chemo-enzymatic synthesis approaches [145]. These processes are
dependent on the specificity and activity of the enzymes used, and thus for the establishment of new
processes desired enzyme activities have to be screened. For the screening of NADPH dependent
enzymes, there is the possibility to monitor substrates or products, but this requires physical assays,
such as gas chromatography or HPLC. Also assays where cofactor consumption during substrate
oxidation is monitored were developed [146, 147]. Unfortunately, all of these assays normally are
done in vitro. Therefore, they cannot be regarded as high-throughput assays to enable rapid enzyme
evolution or screening.

In this work a sensor was developed monitoring the in vivo NADPH/NADP" ratio in E. coli. The
stability of the fluorescence signal is dependent on the ratio of NADPH/NADP®. The possibility of
mutant library screening via FACS makes this set-up an ideal and universal high-throughput screening
method for the isolation of NADPH-dependent enzymes, showing altered activity or specificity, which
occurs in this case with single cells. The sensor is based on the SoxRS regulatory system which is
known to respond to the redox state of the cell. The current view is that two different SoxR
reductases [148, 149], both using NADPH as electron donor, keep SoxR in the reduced inactive state.
When NADPH is limiting, SoxR is less reduced and as a consequence oxidized SoxR activates
expression of soxS, encoding a transcriptional regulator of the AraC family. This in turn increases the
transcription of a large number of genes [150-153]. The genes of the SoxRS regulon include a number
of genes responding to oxidative stress and to NADPH limitation. For instance, expression of zwf,
encoding glucose-6-phosphate dehydrogenase, is increased. This enzyme catalyzes the first step of
the pentose phosphate pathway and therefore reverses NADPH limitation [150]. In this work a
sensor was constructed where soxS was replaced by eyfp. The fluorescence output correlates with
the NADPH/NADP" ratio as demonstrated for cells with an NADPH-dependent alcohol dehydrogenase

(ADH) of Lactococcus brevis with varying activity, and for the enzyme with different substrate
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concentrations available for reduction. The intracellular NADPH/NADP® ratios in E. coli were
determined in prior work in almost identical assays [154]. After analyzing the system in detail the
sensor was applied for high-throughput screening of mutagenized ADHs. ADH is able to convert 4-
methyl-2-pentanone (MP) as a substrate, but with only 10 % activity as compared to methyl-
acetoacetate (MAA. Applying the sensor in the developed FACS routine for the screening of a
mutated ADH library resulted in 123 mutants showing increased fluorescence in contrast to the
strain expressing the WT enzyme. Six mutants were analyzed in detail and in one case a mutant
showing 36 % higher maximal velocity was identified, demonstrating the suitability of the sensor for
the screening of enzyme variants with increased activity by increased NADPH consumption.

As long as educts and products are diffusible through the cytoplasmic membrane, libraries of
dehydrogenases requiring NADPH, or P450-monooxygenases where NADPH is part of the catalytic
cycle can now be assayed in our established HT screening routine avoiding the development of
specific assays. Together with recombineering the developed redox sensor offers a completely new
and generalizable strategy for rapid enzyme evolution of NADPH dependent dehydrogenases like

P450-monooxygenases.
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Table S1. Strains and plasmids

Strain or plasmid

Description

Reference

WT C. glutamicum

WT strain ATCC 13032, biotin-auxotroph

This laboratory

C. glutamicum DM1132

WT strain ATCC 13032, biotin-auxotroph

Evonik laboratory

C. glutamicum DM1728

pyc(P458S), hom(V59A)

[155]

C. glutamicum DM1730

pyc(P458S), hom(V59A), lysC(T3111), Apck

Evonik laboratory

C. glutamicum DM1800

pyc(P458S), lysC(T311l)

[155]

C. glutamicum DM1919

pyc(P458S), hom(V59A), 2 copies of lysC(T3111), Apck

Evonik laboratory

C. glutamicum DM1920

pyc(P458S), hom(V59A), 2 copies of lysC(T311l), Apck,
2 copies of lysE derived from WT C. glutamicum

Evonik laboratory

Apck, pyc(P458S), hom(V59A), 2 copies of lysC(T311l),
2 copies of asd, 2 copies of dapA, 2 copies of dapB, 2

C. glutamicum DM1933 copies of ddh, 2 copies of lysA, 2 copies of lysE derived [156]
from WT C. glutamicum
C. glutamicum-Ser4 ATCC13032 AsdaAApabABC pserAfbrCB [156]

C. glutamicum-Cys3

ATCC13032 AsdaAApabABCAaecD pserAfbrCB

This laboratory

F- endAl gInV44 thi-1 recAl relAl gyrA96 deoR nupG

of cys/ with a transcriptional fusion to eyfp

E. coli DH5a ®80dlacZAM15 A(lacZYA-argF)U169, hsdR17(rK- mK+), | [157]
A—

pK19mobsacB Km', Suc’, mobilizable (oriT), oriV [50]

pSenLys Encodes C glutamlcu.m.LysG, an.d its target promoter HES83184
of lysE with a transcriptional fusion to eyfp

pSenArg Er?codes E. co/f A.rgP, and.|ts target promoter of argO HES583185
with a transcriptional fusion to eyfp
Encodes C. glutamicum NCgl0581, and its target

pSenSer promoter of NCgl0580 with a transcriptional fusion to | HE583186
eyfo

pSenOAS Encodes C. glutamicum CysR, and its target promoter HES83187

The regulatory units of the pSen series of vectors were synthesized (LifeTechnologies GmbH,
Frankfurter-Str.129b, 64293 Darmstadt, Germany) and cloned into pJC1. Full sequences have been

deposited at EMBL.
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Table S2. Quality assessment of sorting cells carrying pSenLys

Viability Verified strain .
Sorting criteria | gorted i DM172 Sorting
orted in Grown WT DM1919 | Specificity
total 8
P1 (ATCC13032) | 432 386 89.4 (%) 99.4 0.6 0 99.4 (%)
P2 (DM1728) 288 257 89.2 (%) |3.1 94.8 (%)
P3 (DM1919) 288 244 84.7 (%) | 4.2 6.2
Average 87.8 (%) 94.6 (%)
Viability Verified strain .
Sorting criteria | gorted i Sorting
ortedin Grown (%) WT DM1728 specificity
total
P2 (DM1728) 200 184 92.0(%) |73 92.7 92.7 (%)

The upper part of the Table shows the result of sorting the mixture of three strains using gates P1-P3.
Viability of sorted cells was determined by counting cfus grown up after spotting single cells on BHI
petri dishes and incubating for 48 hrs at 30°C. Strains were verified by cultivating 96 clones in a
microtiter plate containing minimal medium CGXII with 4% (w/v) glucose and quantification of their
L-lysine forming capability after 48 hrs.

The lower part of the Table shows the result of sorting DM1728 out of 10,000 wild type cells, both
carrying pSenlys. Determination of viability and L-lysine formation was as above.

Table S3. L-lysine formation with mutations introduced by reverse engineering

Mutation ;icaci:?binant Lysine (mM) :izlta:::i Lysine (mM)
thrB S102F Lys016 0.4 K016 2.1

hom V211F Lys039 6.3 K039 10.9

hom A364V Lys049 11 K049 9.6

lysC H357Y Lys096 0.9 K096 2.3

In the recombinant strains the single mutation given in the left column was introduced in the wild
type genome ATCC13032 by allelic exchange as described [50]. L-lysine accumulations were
determined in SK cultivations and the L-lysine formed determined after 48 hrs. For comparison L-
lysine accumulations are shown for the original clones from which the specific mutations were
derived by targeted sequencing.
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Table S4. Statistical analysis of whole-genome sequencing

Strain K051
Description value
Number of sequenced reads 20,156,524
Avg. length of sequenced read [bp] 51.0
Number of reads after trimming 19,908,254
Avg. length of reads after trimming [bp] 48.1
Number of paired reads after trimming used for mapping | 19,664,448
Number of reads mapped to reference 17,877,215
Coverage (# mapped reads * avg. length/3301500) 260.5
SNPs in total 268 100 %
Transitions 268 100 %
SNPs leading to amino acid exchange 171 63.8%
Silent mutations 65 243 %
Intergenic SNPs 28 10.4 %
Introduced stop-codons 4 15%

Sequence reads were generated on an lllumina HiSeq 2000 and performed at GATC (GATC Biotech
AG, Jakob-Stadler-Platz 7, 78467 Konstanz, Germany). Trimming and mapping was done using the
CLC Genomics Workbench Version 4.7.2 software of CLC bio (Finlandsgade 10-12, Katrinebjerg , 8200

Aarhus N, Denmark).
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Table S5. Growth rates of murE mutants

Strain pht
DM1132 (WT) 0.49 +0.11
DM1728 0.46+0.16
DM1730 0.43+0.11
DM1800 0.43+0.16
DM1933 0.37+0.13
DM1132 (L121F) 0.45+0.09
DM1728 (L121F) 0.43+0.20
DM1730 (L121F) 0.40+0.11
DM1800 (L121F) 0.43+0.19
DM1933 (L121F) 0.35+0.14
DM1132 (G81E) 0.39+0.12
DM1728 (G81E) 0.36£0.16
DM1730 (G81E) 0.41+0.10
DM1800 (G81E) 0.45 +0.18
DM1933 (G81E) 0.31+0.21

Strains were pregrown for 8 hrs on complex medium BHI, followed by growth overnight in minimal
medium CGXIlI-glucose, and this used to inoculate cultures in a new CGXII-glucose to determine
growth rates. Cultivations were done in microtiter plates and growth was recorded from three

parallel cultures.

66



Supplementary Material

kDa CE FT - Wash — M —— Elution mAU 1347 kb
= 200 200| _ g-amylase
&= =
- B = = = _Alcohol dehydrogenase
ERE = 150 100
50 z! B e N
40 - Albumin
i - S -’-__ 100
! = Carbonic anhydrase
x| 88 - 0
- - 10
E=RE - s > .
: — = 00 &0 100 150 200 250 16 1.8 2.0 22
- = mi Ve/ Vo
ABS lysG

————————

-35 -10
AAGATTTCCATGATCACCATCGTGACCTATGGAAGTACTTAAGTAAAATCATTGGTTCTTAACATGGTTTAATATAGCTTCATGAACCCCATTCAACTGG
TTCTAAAGGTACTAGTGGTAGCACTGGATACCTTCATGAATTCA ACTAACCAAGAATTGTACCAAATTATATCGAAGTACTTGGGGTAAGTTGACC
-«

RecBS

| (nt+131to-209)

(nt-35t0-147)

-10 -35
lyse
702bp 70bp 873bp
lysE *1| lysG
i =i
Fragment ABS RecBS
lysGE-1 |l /I
lysGE-2 |—————————-| (nt-9t0-97)
lysGE-3 I | (nt+42t0-69)
lysGE-4 } _ |
IlysGE-5 |—1F | (nt+1351t0-23)
lysGE-6

——— e

|—II—| (nt -85 to -209)

—— e

B
e — et —
[~
LR~
- e -
lysGE-1 lysGE2 lysGE-3 lysGE-4 lysGE-5 lysGE-6

Figure S1.

<4— LysG-DNA complex

<+— free DNA

fragment

Isolation of LysG and characterization of LysG binding site. (a) Isolation of His-LysG and gel filtration analysis of LysG devoid
of tag together with the calibration curve used for molecular mass determination. LysG eluted with an apparent molecular

mass of ~140 kDa. Since the LysG monomer has a molecular mass of 32 kDa, LysG in solution forms a homotetramer similar
to other LTTR-type regulators such as CbnR of Ralstonia eutropha [158] or CysB of Escherichia coli [159]. (b) Overview on
lysGE organization with the intergenic region on top. The relative position of DNA fragments lysGE-1 to lysGE-6 are given
and the location of the activation binding site (ABS) in blue and the recognition binding site (RecBS) in green. (c)
Electrophoretic mobility shift assays showing binding of fragments 1-4 to LysG. In each panel (from left to right) no LysG

was added, added in a 20-fold excess, and 50-fold excess.
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pSenLys
10355 bps

Figure S2.

Vector pSenLys and general configuration of sensor plasmid. The vector pSenLys is a shuttle vector replicating in both C.
glutamicum and E. coli. It carries the metabolite inducible marker region encoding the L-lysine sensing transcriptional
regulator LysG. In presence of L-lysine LysG drives transcription of lysE, which is fused with eyfp, resulting in green
fluorescence. pSenLys also carries the IPTG inducible marker region encoding the Laclq repressor which, in the presence of
IPTG, diffuses from the tac promoter region in front of E2-Crimson, resulting in red fluorescence. The system permits the
selection of viable cells that are capable of protein synthesis.
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Peptide-dose response with E. coli pSenArg and C. glutamicum pSenSer. (a) E. coli pSenArg was cultivated in minimal
medium and the specific peptide added at the given concentration. Addition of Arg-Ala results in fluorescent cultures, but
this is not the case with His-Ala or Lys-Ala. (b) C. glutamicum pSenSer was cultivated in minimal medium and peptides
added as shown. Ser-Ser-Ser results in fluorescent cultures, but this is not the case with Ala-Ala or Thr-Ala. In all cases Ala-
Ala was included to give a total peptide concentration of 3 mM.
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Figure S4.

Development of Crimson and EYFP signals in mixtures of equal numbers of ATCC13032 and DM1728. To simulate the
transfer of the mutant glycerol stock into minimal medium, the two cell types grown on BHI were mixed, glycerol was
added and cells frozen. (a) Cells from the stock were diluted in minimal medium plus 0.1 mM IPTG. At the beginning of
cultivation and 2, 4, and 8 hrs later, cells were assayed by flow cytometry for development of the Crimson signal. After 2
hrs, the majority of cells expressed Crimson, indicating active protein synthesis and thus living cells. (b) Cells were diluted as
above and assayed at the beginning of culture and 4, 8, and 24 hrs later by flow cytometry for the EYFP signal. All cells
derived from the complex medium exhibited high levels of fluorescence. After 4 hrs the majority showed reduced
fluorescence, and after 8 hrs the signals specific for the two populations are apparent.
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6.1.10  Figure S5.

Growth curves and fluorescence for 40 mutant cultures. The BioLektor cultivation system was used (see Methods section)
to follow the growth of 40 mutants in 0.75 ml cultures as measured by the backward scatter (black curve) and fluorescence
at Ae, 485 nm and A, 520 nm (green curve). Numbering of the different mutants is as given in Figure 4 of the main text.
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Figure S6.
Structural presentation of LysC with the localization of mutations identified.
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6.2. Supplementary Material “Recombineering in Corynebacterium glutamicum combined with

optical nanosensors: A general strategy for fast producer strain generation”

Table S1: List of primers used for plasmid constructions

Primer Sequence Construction of
Bet-F AAGGAGATATAGATATGAGTACTGCACTCGCAAC

pCLTON2-bet
Bet-R TCATGCTGCCACCTTCTGCTC
recT-F AAGGAGATATAGATATGACTAAGCAACCACCAATC

pCLTON3-recT
recT-R CGGTTATTCCTCTGAATTATCG

Bglll-RBS-recT-F

GCAGATCTAAGGAGATATACATATGACTAAGCAACCACCAATCG
PEKEX3-recT

EcoRI-recT-R

GCGCGAATTCCAGGCTGAATTATTCCTC

Table S2: List of oligonucleotides used

Lagging strand oligos for establishment of recombineering in C. glutamicum

ATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGA

Kan100*
CCATCTCATCTGTAACATCATTGGC
Kan75* AGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGT
Kan50* ATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGA
Kan25* GGAAGAGGCATAAATTCCGTCAGCC
Kan15* GAGGCATAAATTCCG

Leading strand oligos for establishment of recombineering in C. glutamicum

GCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCATCAAGCAT

Kan100 TTTATCCGTACTCCTGATGATGCAT

Kan75 ACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACT
Kans0 TCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCATCAAGCAT

Kan2s GGCTGACGGAATTTATGCCTCTTCC

Kan1s CGGAATTTATGCCTC

80




Supplementary Material

Oligos to assay for

mismatch repair

Kan100

GCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCATCAAGCAT
TTTATCCGTACTCCTGATGATGCAT

Kan100-a48g

GCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAGTTTATGCCTCTTCCGACCATCAAGCAT
TTTATCCGTACTCCTGATGATGCAT

Kan100-g45c

GCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACCGAATTTATGCCTCTTCCGACCATCAAGCAT
TTTATCCGTACTCCTGATGATGCAT

Kan100-g42c

GCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTCACGGAATTTATGCCTCTTCCGACCATCAAGCAT
TTTATCCGTACTCCTGATGATGCAT

Kan100-t51c

GCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTCATGCCTCTTCCGACCATCAAGCAT
TTTATCCGTACTCCTGATGATGCAT

Kan100-t57c

GCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCCCTTCCGACCATCAAGCAT
TTTATCCGTACTCCTGATGATGCAT

Kan100-all

GCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTCcACCGAGTTCATGCCcCTTCCGACCATCAAGCATTT
TATCCGTACTCCTGATGATGCAT

Kan100*

ATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGA
CCATCTCATCTGTAACATCATTGGC

Kan100*-a48g

ATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAACTCCGTCAGCCAGTTTAGTCTG
ACCATCTCATCTGTAACATCATTGGC

Kan100*-g45c

ATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCGGTCAGCCAGTTTAGTCTG
ACCATCTCATCTGTAACATCATTGGC

Kan100*-g42c

ATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTGAGCCAGTTTAGTCTG
ACCATCTCATCTGTAACATCATTGGC

Kan100*-t51c

ATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATGAATTCCGTCAGCCAGTTTAGTCTG
ACCATCTCATCTGTAACATCATTGGC

Kan100*-t57c

ATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGGGGCATAAATTCCGTCAGCCAGTTTAGTCTG
ACCATCTCATCTGTAACATCATTGGC

Kan100*-all

ATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGEGGCATEAACTCgGTEAGCCAGTTTAGTCTGA
CCATCTCATCTGTAACATCATTGGC

Oligo for engineeri

ng of C. glutamicum lysC

lysC_60_EcoRV*

CGGCGGCCGTCGGAACGAGGGCAGGTGAAGATGATATCGGTGGTGCCGTCTTCTACAGAA

Oligos for engineering of C. glutamicum murE

G8lamb

AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGTCAAGCTGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G81A

AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGTGCAGCGGCGTCAGTCAAAATGGCCA
CAGCTTTCGCAGCGTTATCCGTACCT
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G81C AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGGCAAGCTGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G81D AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGGTCAGCGGCGTCAGTCAAAATGGCCA
CAGCTTTCGCAGCGTTATCCGTACCT

G81E AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGTTCAGCGGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G81F AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGGAAAGCTGCGTCAGTCAAAATGGCCA
CAGCTTTCGCAGCGTTATCCGTACCT

G81H AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGGTGAGCTGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G8ll AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGGATAGCTGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G81K AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGCTTAGCTGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G8iL AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGCAGAGCTGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G81M AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGCATAGCTGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G8IN AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGGTTAGCTGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G81P AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGTGGAGCTGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G81Q AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGCTGAGCTGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G81R AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGGCGAGCTGCGTCAGTCAAAATGGCCA
CAGCTTTCGCAGCGTTATCCGTACCT

G81S AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGGGAAGCTGCGTCAGTCAAAATGGCCA
CAGCTTTCGCAGCGTTATCCGTACCT

G8IT AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGGGTAGCTGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G81V AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGCACAGCGGCGTCAGTCAAAATGGCCA
CAGCTTTCGCAGCGTTATCCGTACCT

G81W AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGCCAAGCTGCGTCAGTCAAAATGGCCAC
AGCTTTCGCAGCGTTATCCGTACCT

G81Y AACAACGATGACTGGGCGGGTCTCTCCTGCTTCGTTGAGCACCTCAAGGTAAGCTGCGTCAGTCAAAATGGCCAC

AGCTTTCGCAGCGTTATCCGTACCT
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Table S3: Generated strains carrying a murE-G81 mutation and their specific L-lysine production and fluorescence

Codon Amino acid 81 Fluorescence L-Lysine Codon Amino acid | Fluorescence L-Lysine

241-243 (AU) (mM) 241-243 81 (AU) (mM)
0.16 0.00 2.05 12.26
1.08 7.29 CGC Arginine (R) 2.23 12.85
1.08 7.40 2.05 9.55

TGC Cysteine (C)
1.12 8.77 0.18 0.00
1.13 7.68 i 0.19 0.00

TCC Serine (S)

1.22 4.59 0.20 0.00
1.36 8.19 0.20 0.04
TTC Phenylalanine 1.21 9.39 0.47 1.46
(P 1.36 9.52 TGG Threonine (T) 1.12 5.92
1.41 8.46 1.11 7.70
0.46 0.63 1.47 9.49

CAC Histidine (H)
0.72 3.50 GTG Valine (V) 1.49 9.12
ATC Isoleucine (l) 1.85 10.18 1.56 8.00
1.80 12.03 2.39 17.16
1.83 12.06 GG Twitxhan 1.68 9.15
CTG Leucine (L) 1.92 12.09 1.80 11.30
1.97 11.76 1.10 7.10
1.93 12.23 1.11 9.22
0.67 4.17 1.10 9.13

TAC Tyrosine (Y)
0.73 4.62 1.15 6.77
AAC Asparagine (N)
0.48 1.29 0.45 0.87
0.71 4.35 1.17 8.86
KanR (-) TGG CTG ACG GAA ITC TAT GCC TCT T 3’

ACC GAC TGC CTT AAG ATA CGG AGA A 5’

Oligo 5’ -3’ Sequence KanR cfu
Kanl00 TGG CTG ACG GAA TTT ATG CCT CTT 2.7x10°
Kanl00-a48g --- --— ——= —==G ——— —== —-= ——- 7.5x10°
Kan100-g45c =--- -—= ==C —-= ——= —== ——= ——- 2.7x10°
Kan100-g42c --- —- C === === —mm ——— —mm - 3.7x10°
Kan100-t5lc =—--- ——= === —== ——C —== --= ——- 4.0x10°
Kanl00-t57¢ =—-- ——= === —== ——— ——= —-C -—- 3.5x10°
Kanl00-all  --- -- C --C -=G --C --- - c --- 9.2x10°

Figure S1: Effect of multiple nucleotide changes on oligo recombination frequencies. The double-strand sequence of the
region around the KanR mutation leading to a frame-shift (yellow) is shown on top. All oligos are 60 bases in length, and
only relevant changes are shown. Recombination values obtained from these oligos are normalized per 10° viable cells.
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