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Abstract: The efficiency of a versatile in vivo cascade involving a promiscuous alcohol dehydrogenase,
obtained from a biodiversity search, and a Baeyer-Villiger monooxygenase was enhanced by the
independent control of the production level of each enzyme to produce e-caprolactone and 3,4-
dihydrocoumarin. This goal was achieved by adjusting the copy number per cell of E. coli plasmids. We
started from the observation that this number generally correlates with the amount of produced enzyme
and demonstrated that an in vivo multi-enzymatic system can be improved by the judicious choice of
plasmid, the lower activity of the enzyme that drives the limiting step being counter-balanced by a higher
concentration. Using a preconception-free approach to the choice of the plasmid type, we observed
positive and negative synergetic effects, sometimes unexpected and depending on the enzyme and
plasmid combinations. Experimental optimization of the culture conditions allowed us to obtain a
complete conversion of cyclohexanol (16 mM) and 1-indanol (7.5 mM) at a 0.5-L scale. The yield for the
conversion of cyclohexanol was 80% (0.7 g e-caprolactone, for a productivity of 244 mg. L-'.h-1) and that

for 1-indanol 60% (0.3 g 3,4-dihydrocoumarin, for a productivity of 140 mg. L-.h-").
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Introduction

Multi-enzymatic reaction cascades are attracting growing interest in biocatalysis (Lopez-Gallego &
Schmidt-Dannert, 2010; Muschiol et al., 2015; Ricca, Brucher, & Schrittwieser, 2011; Schrittwieser,
Velikogne, Hall, & Kroutil, 2017; Xue & Woodley, 2012). In a “one-pot” system, they avoid the time-
consuming, waste-generating, and vyield-reducing isolation and purification of intermediates,
consequently resulting in the considerable saving of energy and solvents. They can also offer significant
advantages directly related to yield improvement. The consumption of intermediates as they are formed
avoids their accumulation and maintains concentrations that are sufficiently low to avoid many inhibitory
phenomena, frequently observed with enzymes (Schrittwieser et al., 2017). In addition, the association
of reversible reactions with at least one that is irreversible can result in an equilibrium shift to drive

quantitative conversion.

As reviewed by Schrittwieser et al. (2017), various cascade models can be implemented depending on
the chosen synthetic strategy and enzymatic features: a straightforward linear cascade (one product is
the substrate for the next reaction in a sequential mode) or bi-enzymatic recycling cascade (a linear
cascade involving a first enzyme that recycles the cofactor used in the second reaction, and vice versa),
an orthogonal model (another enzyme eliminates undesired intermediates or participates in cofactor
recycling), or parallel interconnected cascades (distinct reactions are coupled via the common use of
cofactors or co-substrates) with, among them, cofactor self-sufficient cascades (Hummel & Groger,
2014; Schrittwieser et al., 2017). The format of the biocatalyst must then be chosen (Lopez-Gallego &
Schmidt-Dannert, 2010). Isolated enzymes, acellular extracts, or whole cells can all be considered.
Furthermore, it must be decided whether the enzymes will be produced separately or together in one
microorganism. The most attractive solution from an economic and practical point of view is the in vivo
production of all the enzymes in a single culture, within the same organism. However, many studies
have shown that this situation is often difficult to control and optimize (France, Hepworth, Turner, &
Flitsch, 2017; Ladkau, Schmid, & Bihler, 2014; Milker, Fink, et al., 2017; Pennec, Hollmann, Smit, &
Opperman, 2015). One of the main bottlenecks is the control of the enzyme ratio. Indeed, in a multi-
reaction system, the slowest reaction is the limiting step, driving the overall rate of the system. System
performance can be improved by modifying the relative amount of each catalyst to equilibrate the rates

of each step and avoid the accumulation of toxic intermediates. This is generally achieved by increasing



the concentration of the limiting reagent. Nevertheless, although much effort has been invested in
increasing the amount of enzymes produced (Park, Lee, Kim, Park, & Oh, 2015), little work has been
carried out on the rational control of the relative amounts of the different enzymes, even though this

parameter is essential for improving in vivo biocatalytic multi-step processes.

Here, we report the marked improvement in the efficiency of an in vivo cascade by independently tuning
the production level of each enzyme, with the lower activity of the enzyme driving the limiting step
counter-balanced by a higher concentration. This goal was achieved by the judicious but unexpected
choice of E. coli plasmids of various copy number per cell (PCN), a number often correlated with the
amount of produced enzyme. We applied this strategy to the synthesis of e-caprolactone, an important
building block of polymers (Labet & Thielemans, 2009), and 3,4-dihydrocoumarin, a natural compound
widely used as a flavoring in the food industry (Haser, Wenk, & Schwab, 2006). We designed a neutral
redox cascade involving an alcohol dehydrogenase (ADH) and a Baeyer-Villiger Monooxygenase
(BVMO), starting from the corresponding alcohols, with the ADH found through a biodiversity screen for

its unusual but necessary low enantioselectivity toward racemic 1-indanol.

Faced with unexpected empirical results, we thoroughly investigated the consequences of plasmid
combinations on plasmid copy number, enzyme production, and cascade activity. We show that, in
practice, the best combination with the medium-PCN pET plasmid is not, as would be expected, a high-
PCN plasmid, such as pRSF, revealing probable interference between plasmid replication origins. We
also demonstrate that system activity is controlled by the enzyme ratio. Finally, we carried out yield
optimization via a design of experiments (DOE) of the system expression conditions, resulting in optimal

overall transformation.

1. Materials and methods
Chemicals and materials
Oligonucleotide primers were purchased from Invitrogen, Phusion® HF DNA polymerase, restriction
enzymes and T4 DNA ligase were obtained from New England Biolabs. Plasmid preparation kit, PCR
purification and gel extraction kits were, respectively, from Qiagen (Venlo, NL) and Promega (Madison,
US). Media components were available from BD Biosciences. All other chemicals (solvents, organic

substrates, standards, antibiotics, nicotinamide cofactors, isopropyl-p-D-thiogalactopyranoside (IPTG))



were purchased from Sigma-Aldrich, Fisher Scientific and Acros Organics in reagent or bioreagent

grade.

Enzymes, plasmids and strains

Gene corresponding to ADHsinguis (Uniprot ID: LODIZ2) and BVMOpani (Uniprot ID: A7HU16) (Reignier
et al.,, 2014) were amplified by PCR, with primers listed in Supporting Information Table S1. All
overexpressions of selected genes were performed in E. coli BL21(DE3) (Novagen). All strains and
plasmid combinations and constructions were resumed onto Table 1 and Supporting Information Table

S2.

Culture conditions

Starter cultures of E. coli BL21 (DE3) transformants were grown aerobically overnight at 37°C in Luria-
Bertani (LB) medium (10g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) supplemented with appropriate
antibiotics. Production cultures, in Terrific Broth (TB) medium (5 g/L glycerol, 12 g/L tryptone, 24 g/L
yeast extract, 2.3 g/L KH2POs4, 15 g/L K:HPO4) supplemented with appropriate antibiotics, were
inoculated at the ODeoo value of 0.1. Growth was performed in rotary shakers at 25°C and 180 rpm. The
protein expression was induced by adding IPTG at a final concentration of 0.5 mM when the ODeoo value

reached 0.8-1.0. The cells were further incubated at 16°C and 180 rpm for 18h.

Whole-cell biotransformations

After growth, the equivalent of 15 mg CDW of cells were harvested by centrifugation (3,000 g, 4°C,15
min) and the pellet was washed with potassium phosphate buffer (0.1 M, pH 7). Cells were resuspended
in 10 mL of potassium phosphate buffer (0.1 M, pH 7) and transferred into a 100 mL baffled flask
(Duran®). Whole cell biotransformations were performed at 25°C and 200 spm in a longitudinal bath
shaker. 3 mM of substrate was added as an ethanolic solution (1M). Sample of 0.5mL were taken over
time and extracted with 0.5mL of standard solution (0.5 g/L decane or undecane in ethyl acetate for
cyclohexanol or indanol biotransformation respectively). After vortexing and centrifugation,
concentrations and yields were determined by GC analysis of the organic phase on an Equity®-5 column
(0.25 ym x 0.25 mm x 30 m, Supelco) at 80°C or 110°C respectively for cyclohexanol and indanol
experiments. The biocatalyst activity is the initial rate of lactone formation calculated on the first hour of

the biotransformation.



The enantioselectivity ratio (E value) of the indanol oxidation was calculated from conversion ratio (c),

and indanol ee (eep) according to the formula:

E = ln[l —c(1+ eep)]/ln[l —c(1- eep)]

Conversion and ee were obtained by GC monitoring of the biotransformation of racemic indanol by
E. coli pET22b-adh. Samples were analyzed on an Hydrodex y-DiMOM column (0.25 pm x 0.25 mm x
30 m Macherey-Nagel) according the temperature program: 90°C for 15 min, 100°C (1°C/min) for 10

min, 110°C (1°C/min) for 2 min and 150°C (5°C/min) for 2 min.

Expression profile by SDS-PAGE and protein quantification analysis

After growth of the transformants, samples (0.3 mg CDW) were harvested (5,000 g, 4°C, 5 min) and the
pellets were stored at -80°C until analysis and cell disruption. Each sample was then resuspended into
20 yL of DNAse | buffer (1x) and treated by DNAse | (5 U) for 15 min at 25°C then heated at 90°C for 3
min after adding 40 yL of Laemmli buffer (2x) (containing 400mM DTT), 5uL of SDS 10 % (m/m) and
15uL of distillated water. The soluble fractions (6 yL, equivalent to 22.5 yg CDW) were analysed by
SDS-PAGE. For the sake of comparison, all samples were analysed simultaneously on a single gel of
0.75 mm thickness revealed by Coomasie blue staining before to be photographed on UVITEC Imager
Alliance 9.7 as a 8-bit image. The spots, defined with the polygon selection tools, were integrated with
the ImageJ software (https://imagej.nih.gov/ij) after optical density calibration using the Rodbard (NIH)
curve fitting method. After background subtraction and load normalisation, the enzyme amounts were
estimated by comparison with the spots of purified BVMO and ADH corresponding to a respective

amount of 1.24 and 1.25 ug per well.

Quantitative PCR (qPCR)

Six genes were targeted and amplified using the specially designed set of primers (using Primer3
Manager software) described in Supporting Information Table S3. The housekeeping gene rpoB (RNA
polymerase B subunit gene) was used as probe for E. coli genomic DNA, the three genes corresponding
to the antibiotic resistance cassette of each plasmid and the two genes encoding for the ADH and BVMO

were targeted to calculate independently each PCN.



gPCR conditions: for each experiment, a volume equivalent of 0.6 mg.CDW of cells was centrifuged.
The pellet was resuspended in a double volume of PBS 1x pH 7.4. Cells were lysed by 95°C incubation
for 10 minutes, followed by a series of dilutions of up to 106 times. Each sample was immediately freezed
at —20°C. Simultaneously 4 ul suspension of lysed cells in a dilution range from 0.6.102 — 0.6 10°
mg.CDW/ul was amplified using gPCR Master Mix (2x) (LightCycler® 480 SYBR Green | Master) and
both set of primers in a concentration of 0.5 yM each, in separated reactions. The gqPCR conditions
were 10 min at 95 °C then 40 cycles of 15 s at 95 °C, 30 s at 60 °C and 10 s at 72 °C.

Data analysis: data obtained were analyzed for Tm calling, determination of primer efficiency, using
LightCycler® 480 software. Primer efficiency was calculated by plotting the correlation of cycle threshold
(Ct) to log DNA template concentration, giving the equation y = Bx + A. Primer efficiency was obtained
using the equation E = 10(-1/B). Good primer efficiency ranged between 1.85 to 2.05 as described by
Dorak (Dorak, 2006). The correlation of Ct to log cell number was plotted to determine the ratio of
plasmid to chromosome per cell (P/C) based on the equation:

number of Plasmid (P) Ec‘te

bnumber of chromosome (C) ~ EpCtp

with Ec=rpoB efficiency targeting chromosome, Ep=efficiency of the targeting plasmid or bvmo or adh
gene, Ctc=Ct of rpoB targeting chromosome, Ctp=Ct of the targeting plasmid or bvmo or adh gene.

The PCNs measured by the mean of the antibiotic resistance gene or the targeted gene were of the
same magnitude (less than 20% variation) (Supporting Information Table S7). Thus, the quantification
of the antibiotic resistance genes is a suitable method to get the copy number of a plasmid or a targeted
gene without the need to redesign and reoptimize specific primers and amplification assay: the primers
and assays we set up may be used as universal quantitative analysis methods for any construction with

ampicillin, kanamycin or chloramphenicol resistance genes.

Experimental design for culture optimization

Strain, harboring pRSF-adh and pET-bvmo plasmids, was chosen for optimization. Cell culture and
whole-cell biotransformations conditions were described above unless modifications directed by the
DOE. To determine the most significant factors among the nine presented Table 2, a two-level
Hadamard design with 12 experiments (Supporting Information Table S9) was used and the

experimental response was the overall activity of the bi-enzymatic whole cell system. The data were



reported in Supporting Information Table S10 and analysed by NemrodW® software (LPRAI, Marseille,
France).

In order to determine the best values of the two most relevant factors previously selected (duration and
temperature after induction), an empirical mathematical model was used, which establishes the
relationship between the variation of the response (activity) and the variation of the factors X. This
quadratic model is 1 = By + B1Xy + B2Xy + P11 X? + a2 X3 + B1,X1X, where n represents the
variation of the responses; Bo is the constant factor; Bi , Bi and Bj are the coefficients of the linear,
quadratic and cross-product terms, respectively. The composite matrix of 12 experiments is described
Supporting Information Table S11. The values of temperature after induction were 15, 20 or 25°C and
those of induction period were 8, 16 or 24 h. The values of the other parameters were set as reported

Table 2 in bold.

2. Results and discussion

Selection of enzymes of the neutral redox cascade

The in vivo two-enzymes system we used to synthesize g-caprolactone and 3,4-dihydrocoumarin from
cyclohexanol and indanol, respectively, was composed of an ADH and a BVMO. ADHs are often NAD*-
or, more rarely, NADP*-dependent enzymes that ensure the reversible transformation of alcohols in
ketones (Kallberg, Oppermann, & Persson, 2010). BVMOs irreversibly oxidize ketones in esters and
lactones. The BVMO mechanism is close to that of chemical Baeyer-Villiger oxidation via the formation
of a reactive peroxyflavine, with reducing equivalents brought by the cofactor NADPH or, more rarely,
NADH (Leisch, Morley, & Lau, 2011). We eliminated the influence of cofactor recycling (which could be
a limiting parameter) on our system efficiency by using a self-sufficient cofactor cascade called “closed-
loop” based on the pioneering model described first by Willetts (Figure 1) and then more recently by
several other authors, as reviewed by (Hummel & Grdger, 2014). In this situation, the two enzymes have
to be respectively NADP* and NADPH dependent to ensure the reciprocal role of recycling the enzyme

cofactor.

Several multi-step enzymatic syntheses of g-caprolactone have been previously designed (Bornadel,
Hatti-Kaul, Hollmann, & Kara, 2015; Huang et al., 2017; Mallin, Wulf, & Bornscheuer, 2013; Oberleitner
et al., 2013; Oberleitner, Peters, Rudroff, Bornscheuer, & Mihovilovic, 2014), with varying levels of

success, whereas the biocatalytic synthesis of 3,4-dihydrocoumarin from 1-indanol has never been



described. A major constraint in the selection of the enzymes within a cascade system is obviously the
need of compatible substrates, the product of one being the substrate of the other. The choice is large

for e-caprolactone formation but more restricted for dihydrocoumarin synthesis.

Only a few native or mutated Type | BVMOs, essentially NADPH-dependent enzymes, are known to
transform 1-indanone into 3,4-dihydrocoumarin (Fill, da Silva, de Oliveira, da Silva, & Rodrigues-Fo,
2012; Gutiérrez, Alphand, & Furstoss, 2003; Rioz-Martinez, de Gonzalo, Torres Pazmifio, Fraaije, &
Gotor, 2010). Finally, we chose the promiscuous BVMOg,n; from the previously characterized bacteria
Parvibaculum lavamentivorans DS-1 (Reignier et al., 2014), which can oxidize both cyclohexanone and
1-indanone. This strictly NADPH-dependent BVMO differs from other Type | BVMOs in its ability to

transform a,B-unsaturated ketones into enol-lactones, as described previously (Reignier et al., 2014).

Although several bioreductions of 1-indanone (Endo et al., 2016; Fill et al., 2012) or biooxidations of 1-
indanol (Martin et al., 2006; Pennacchio, Giordano, Pucci, Rossi, & Raia, 2010; Pennacchio et al., 2008;
Zhang, Tang, Wang, & Li, 2011) are mentioned in the literature, none of the involved enzymes could be
used in this study, because these enzymes were shown to be either highly enantioselective or NAD*-
dependent. Ideally, a NADP*-linked dehydrogenase with low (if any) enantioselectivity is needed to

ensure cofactor recycling and complete transformation of the racemic indanol.

We found such a non-enantioselective ADH that was efficient for both substrates by diversity screening
of an NADP*-dependent ADH collection. This collection was built by a sequence-driven approach
(Vergne-Vaxelaire et al., 2013) using the cyclohexanol dehydrogenase ChnA (Uniprot Id: Q7WVD1)
from Acinetobacter sp. NCIMB 9871(lwaki, Hasegawa, Teraoka, & Tokuyama, 1999) and the
cyclopentanol dehydrogenase CpnA (Uniprot Id: Q8GAV9) from Comamonas sp. NCIMB 9872 (lwaki,
Hasegawa, Wang, Kayser, & Lau, 2003) as a reference. We cloned approximately 180 genes into the
expression vector pET22b-type following the same methodology described previously by (Vergne-
Vaxelaire et al., 2013). The proteins were over-expressed in E. coli strain BL21(DE3). Screening was
performed on cell lysates by monitoring the disappearance of NADP* by spectrophotometry at 340 nm
using cyclohexanol and racemic 1-indanol as substrates. From this collection, 31 enzymes were able to
significantly oxidize cyclohexanol and 18 also 1-indanol (Supporting Information Table S4). From these
active enzymes, we selected an uncharacterized protein from Singulisphaera acidiphilia (Uniprot ID:

LODIZ2, ADHsinguis), with only a predicted short-chain, zinc-independent, dehydrogenase/reductase



(SDR) family signature, for its ability to efficiently use both substrates. ADHsinguis Shares 47% identity
with chnA from Acinetobacter and 36% with CpnA from Cacomonas. We then cloned the gene with a
HisTag at the Nierm and the protein was over-expressed and purified by nickel affinity to determine its
specific activity against both substrates and kinetic parameters (Supporting Information Table S5). We
explored the substrate scope of this newly-characterized ADH by testing various linear and saturated or
unsaturated cyclic substrates bearing primary and secondary alcohols (Supporting Information Table
S5), showing high promiscuity, with the best catalytic efficiency for cycloheptanol (kca/Km= 1353
s .mM-1). The catalytic efficiency for 1-indanol and cyclohexanol were found to be similar,
approximately 850 s'.mM-'. Enantioselectivity was determined using racemic indanol oxidation in
whole-cell experiments with E. coli cells over-expressing ADHsinguis (E. coli pET22b-adh). The
enantiomeric ratio was very low (E < 5) and enabled complete reaction of a racemic mixture of indanol.
The kinetic parameters of BVMOgsn; against cyclohexanone and 1-indanone were lower (catalytic

efficiency of 26 and 15 s'.mM-', respectively) (Supporting Information Table S6).

Effect of the stoichiometric ratio on in vitro and in vivo system activity:

We investigated the effect of the enzyme stoichiometric ratio in vitro (mixtures of both purified enzymes
in various ratios), as well as in vivo (mixtures of E. coli pET22b-adh cells producing ADH with E. coli
pET22b-bvmo cells producing BVMO) on caprolactone. The more BVMO there was relative to ADH, the
greater the measured activity (the initial e-caprolactone formation rate), confirming the rate-limiting role
of BV oxidation (data not shown). This latter experiment highlighted another advantage of using
cascades. Cells of E. coli pET22b-adh failed to significantly oxidize cyclohexanol into cyclohexanone,
probably due to an equilibrium that strongly favors reduction in whole cells. However, the subsequent
irreversible BV oxidation of the ketone intermediate was able to overcome this unfavorable equilibrium,
even under conditions of mixed cells (data not shown), a situation in which NADP* recycling cannot

occur.

Systematic construction and comparison of the co-expressing strains
Heterologous protein expression in bacteria, such as E. coli, has become a very attractive way to
produce proteins, quickly and at low cost, as well as in whole-cell biocatalysts. Good enzyme production

depends on i) the choice of culture conditions (Phillips, Park, & Huber, 2000), ii) recombinant strain



design (Marschall, Sagmeister, & Herwig, 2017; Rosano & Ceccarelli, 2014; Terpe, 2006) i.e. the E. coli
strain derivative, the promoter type, and codon optimization (Boél et al., 2016), and iii) the genetic
regulation system, such as ribosome binding sites (RBS) (Bonde et al., 2016) and untranslated regions
(UTR) (Mahalik, Sharma, & Mukherjee, 2014). Recently, in the context of an in cellulo multi-enzymatic
system, the control of UTR elements has been successfully used to balance the production of enzymes
(Song, Woo, Jung, Bornscheuer, & Park, 2016). Here, we focused on another type of control based on
plasmid copy number (PCN) per cell. The PCN generally influences enzyme production, although
complex regulatory mechanisms may affect this observation (Kerrigan, Xie, Ames, & Lu, 2011; Terpe,
2006). Although PCN has been exploited to increase protein expression (Studier & Moffatt, 1986; Terpe,
2006), with the creation of high copy-number plasmids, little attention has focused on its use for the
modulation of enzyme ratios in enzymatic-cascade systems. Indeed, recently, Chen et al. (Chen, Huang,
& Zhang, 2017) successfully investigated the co-expression of up to four enzymes in E. coli BL21(DE3)
in various ratios, focusing on the influence of the T7 promoter and terminator and the comparison of one
or two plasmid systems. However, in most publications, only a small number of plasmid combinations
have been tested and the best was selected empirically (Jang, Singha, Kim, Kwon, & Park, 2016; Kohl,

Srinivasamurthy, Béttcher, Kabisch, & Bornscheuer, 2018; Miller et al., 2014; Wu et al., 2016).

We optimized the cascade by varying the copy number of the expression vector. We systematically
constructed nine recombinant strains bearing both bvmopani and adhsinguis genes. We used Duet™
vectors known to result in various levels of PCN (Dustie Held & Robert Novy, 2003) and belonging to
different incompatibility groups so they could co-exist (theoretically) in the same host: pACYCDuet-1
(low copy number: ~10, ori p15A), pETDuet-1 (medium copy number: ~40, ori pBR322), and pRSFDuet-
1 (high copy number: > 100, ori RSF1030). The nine strains, plus a strain bearing two empty plasmids
as a control, are described in Table 3: three Duo strains (A, B and C), with both genes co-expressed in
the same plasmid, and six strains (D, E, F, G, H and I) with the two genes expressed by two separate
plasmids. The bvmo gene was always cloned into the second multiple cloning site (MCS2), downstream

of adh in the Duo strains.

Whole-cell biotransformations of cyclohexanol with all co-expression combinations were carried out
according to the protocol described in “Experimental Methods” with a substrate concentration (3 mM)

chosen to avoid toxicity or inhibitory effects. The time-course and activity of each strain are reported in



Figures 2 and 3A, respectively. Three groups of biocatalysts were distinguishable. The first showed
moderate activity (approximately 7 U/g CDW) comprising all Duo strains (A, B, C). In this group, the
activities increased from pACYC (6 U/g CDW) to pRSF (9 U/g CDW), as expected from the anticipated
copy number of these plasmids. The second group showed little or no activity (< 3 U/g CDW) and was
comprised of the F and | strains, both carrying the bvmo gene on the low copy number pACYC plasmid,
as expected, as well as, surprisingly, the D strain, containing the pET-adh and pRSF-bvmo plasmids.
Only the ketone intermediate was produced by strain I. The last group showed high activity
(approximately 15 U/g CDW), displaying complete conversion in less than 5 h and was comprised of the
E, H, and G strains. However, this group did not include the three stains bearing the bvmo gene on the
pRSF high copy plasmid (G, D, A), as expected. Although strain G, containing pACYC-adh and pRSF-
bvmo, displayed good activity, the two other best strains were H and E bearing the bvmo gene on the
pET vector. The most surprising results were obtained with strain E, E. coli pPRSF-adh and pET-bvmo,

which were the opposite of those obtained with its “mirror” D strain, bearing pET-adh and pRSF-bvmo.

We explored the impact of co-expression on plasmid copy number, estimated by qPCR, and enzyme
concentrations, determined by quantitative analysis of stained SDS-PAGE gels, to obtain a better

understanding of these observations (Figure 3B and 3C and Supporting Information Table S8).

The effect of plasmid combination on plasmid copy number

We used quantitative PCR (qPCR) (D’haene, Vandesompele, & Hellemans, 2010; C. Lee, Kim, Shin, &
Hwang, 2006), to determine PCN, as it does not require the separation of plasmid and genomic DNA.
The qPCR analyses showed a difference in the PCN per cell, depending on the recombinant cell

constructs (Figure 3B and Supporting Information Table S7).

The PCN of Duo strains (harboring a single plasmid with both genes) was roughly in agreement with the
literature data (low, medium, and high copies) for pACYC, pET, and pRSF, respectively. The measured
PCN values in the other strains for the pET and pACYC plasmids, ranging from 30 to 50 and 10 to 20
copies, respectively, were still of the expected magnitude. In contrast to the observations of the plasmid
manufacturer (Dustie Held & Robert Novy, 2003), the pRSF PCN decreased dramatically to 5 to 10
copies in the presence of pET (D and E strains), independently of the gene (D, E, and control strains).

However, pRSF remained a high copy plasmid when in combination with pACYC, although there was



an effect of the targeted gene, the PCN varying from 150 for the adh gene to 400 for the bvmo gene. An
old observation of Som et al. (Som & Tomizawa, 1982) may provide an explanation. Although pET and
pRSF belong to two incompatibility groups, the authors noted relative similarity between the nucleotide
sequences of the RSF1030 (pRSF replicon) and ColE1 (pET replicon) origins, which may lead to

competition for their replication and thus explain the very low pRSF PCN.

Finally, our first objective of increasing the PCN ratio in favor of the bvmo harboring plasmid was
achieved with the three strains H, E, and G, which displayed PCN ratios of 3, 10, and 40, respectively

(versus a ratio <1 for all other strains).

Effect of plasmid combination on enzyme production:

Although each MCS was preceded by its own T7 promoter and followed by a single terminator, the
number of moles of the two expressed enzymes was not similar in the Duo strains, the ratio barely
reaching 0.3 (in moles of monomer). This unbalanced enzyme production in favor of ADH has been
previously observed in other ADH-BVMO cascades (Jang, Jeon, Baek, Lee, & Park, 2014; Milker, Fink,
et al., 2017; Maller et al., 2014) and may be due to the different size of the two enzymes, making the

longer one more difficult to synthesize (Fernandes et al., 2017).

For the other strains, enzyme production did not appear to be tightly associated with plasmid level
(Figure 3B and 3C, Supporting Information Figure S1). There is, however, a rational explanation if we
distinguish between strains harboring the pET plasmid and those harboring the pRSF plasmid. There
was a very good correlation, shown Supporting Information Figure S1, with PCN for the pET-containing
strains. The enzyme concentration increased linearly with gene number for both enzymes. Conversely,
there was an unexpected disconnection between PCN and enzyme production for the pRSF-containing
strains, especially G, |, and A: bacteria with the highest number of plasmids (PCN of 400, 150, and 110,
respectively) produced only a moderate amount of the corresponding enzymes (approximately 60-100
mg.g CDW-"). SDS-PAGE showed the presence of a protein of approximately 31 kDa in all pRSF strains,
which was especially intense for G and |. Mass spectrometry analysis showed this protein to be the
aminoglycoside 3'-phosphotransferase encoded by the kan gene, the antibiotic kanamycin resistance
gene on pRSF (Supporting Information Figure S2). Its synthesis, driven by the high PCN value, clearly

competed with synthesis of the targeted enzyme (Supporting Information Figure S3). Thus, the choice



of an antibiotic resistance gene as a plasmid marker becomes a major concern for large-scale processes

(Rosano & Ceccarelli, 2014), heavily increasing the burden of overproducing strains.

Effect of enzyme production on activity

There was a loose trend linking high activity and a high amount of BVMO (Figure 4A), although several
counter-examples have also been reported. Strains C and H produced a similar amount of BVMO
(approximately 0.7 ymole.g CDW-') but the activity produced by strain H was two-times higher than that
produced by C (12 vs 6 U.g CDW-"). The trend was the opposite for ADH. There was a much better
correlation between system activity and the BVMO/ADH ratio, both increasing proportionally up to a
molar ratio value of approximatively 0.5, at which point the activity reached a plateau of approximately

14 U.g CDW-' (Figure 4C).

Another limiting factor probably interfered, possibly the NADPH/NADP* content, Oz supply, and/or the
endogenous FAD content. NADPH limitation is well documented (Milker, Fink, et al., 2017) and one of
the most important challenges to whole-cell processes reaching the industrial level. However, in our
case, the need of NADPH, even in high-level BVMO cells, should not have exceeded the cell capacity
due to the cofactor recycling inherent to the cascade. Concerning O2 availability, experiments carried
out using various cell densities showed that the cells were not deprived of oxygen under our conditions:
the activity of E doubled between the experiment at 15 mg CDW (our conditions) and 30 mg CDW and
then remained unchanged only after this concentration (Supporting Information Figure S6).
Nevertheless, intracellular Oz uptake may not be sufficiently rapid to support high-speed transformation.
This hypothesis would be in agreement with the work of Park (W.-H. Lee, Park, & Kim, 2014), in which
the overexpression of an oxygen-carrying protein (bacterial hemoglobin) in an E. coli strain improved
the transformation of cyclohexanone into caprolactone. On the other hand, the FAD content of E. coli is
roughly estimated to a few ymoles per g CDW (Hou et al., 2017), namely the same order of magnitude
as the production of BVMO (Figure 4A). As suggested by Milker et al. (Milker, Goncalves, Fink, &
Rudroff, 2017), the endogenous FAD may be not enough to form the active FAD-bound BVMO,

necessary to the reaction.



Optimization by design of experiments

In spite of these limitations, we decided to optimize the best construct, strain E, following a statistical
approach by design of experiments (DOE). However, instead of determining enzyme production or the
enzymatic ratio, we examined the activity of the biotransformation. We focused first on the conditions of
the expression step. Nine potentially influencing factors (type of inoculum, pre-culture medium, initial
cell density of the culture, incubation temperature before induction, cell density at induction, IPTG
concentration, stirring speed, and incubation time, as well as incubation temperature after induction)
were considered to evaluate the magnitude of their effect. Thus, 12 cell cultures were carried out
following two-level Hadamard matrix designs and the analysed response was the rate of caprolactone
formation in cyclohexanol biotransformation (Table 2 and Supporting Information S11). The most
significant differences in response were for the parameters “incubation temperature after induction” and
“time of incubation after induction”. A new design of nine experiments was then performed according to
a composite matrix at three levels: 15, 20, or 25°C for incubation temperature after induction and 8, 16,
or 24 h for time of incubation after induction (Supporting Information Table S12). The data allowed us
to plot the iso-response area of the response in the experimental field. These graphic representations,
in two (Supporting Information Figure S5) and three (Figure 5A), dimensions enable better visualization
of the maxima response areas (from 18 to 23°C for incubation temperature and 14 to 20 h for time of

incubation).

The optimized conditions, an incubation at 20°C for 16 h after induction enabled us to reach specific
activities of 27-28 U.g CDW-' vs 14-16 U.g CDW-" using the classic conditions before optimization, i.e.
an incubation at 16°C for18 h after induction. Thus, optimization of the only two culture parameters,
incubation temperature and time of induction doubled the global activity of our cellular biocatalyst. The
optimized activity showed much better fitting of the new point in the linear activity/ratio correlation (Figure
5B). Surprisingly, this improvement was not due to changes in enzyme production or ratio, which were
stable for all composite experiments. The most probable explanation is an improvement in the capacity

of the cell to supply FAD linked to the physiological state.

Caprolactone and dihydrocoumarin production
A rapid study of the biotransformation parameters, product stability, and substrate and product inhibition

allowed us to achieve the complete conversion of cyclohexanol (16 mM) and 1-indanol (7.5 mM) at a



0.5 L scale. The respective yields were 80% (0.7 g, with a productivity of 244 mg. L-".h-") and 60% (0.3
g, with a productivity of 140 mg. L-".h-"), respectively. The yield of 3,4-dihydrocoumarine was reached
in spite of a spontaneous hydrolysis in the reaction conditions (Gutiérrez et al., 2003) by eliminating
yeast extract and using potassium phosphate buffer (pH~6) or TRIS/glycine buffer (pH~7,5) as

bioconversion medium .

Conclusion

Over the last several years, studies to successfully improve whole-cell cascades based on modifications
of gene regulation elements have been published. We focused on the plasmids and attempted to use
their copy number to control the cascade enzyme ratio in cells. By testing various combinations, we
obtained a continuum of results, ranging from the absence of a reaction to complete and rapid
biotransformation, with a total turnover number of 7,100 for BVMO. We showed that i) in practice, the
true copy numbers of plasmids can contradict the expectations of the use of high-copy plasmids in
plasmid combinations for metabolic engineering. Thus, the PCN of a high copy plasmid, such as pRSF
was very low in the presence of the pET plasmid, whereas high expression was achieved when co-
transformed with the very low-copy number plasmid pACYC. ii) Enzyme production is related to the
PCN, but can be hampered by the parallel production of the “antibiotic resistance” enzyme. iii) Activity
is more strongly correlated with the enzyme ratio than the amount of BVMO. Nonetheless, in spite of
the success of the enzyme ratio modulation approach, this study confirmed the importance of limiting-
factor issues inherent to cells reported in other studies. Finally, optimization of a versatile cascade
involving two enzymes that catalyze reactions using a large scope of substrates offers a generic tool for

the production of various oxidized ketones from their corresponding alcohols.
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