In vivo interpretation of model predicted inhibition in acrylate pathway engineered Lactococcus lactis
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Abstract

In order to maximize the productivity of engineered metabolic pathway, in silico model is an established means to provide features of enzyme reaction dynamics. In our previous study, E.coli engineered with acrylate pathway yielded low propionic acid titre. To understand the bottleneck behind this low productivity, a kinetic model was developed that incorporates the enzymatic reactions of the acrylate pathway. The resulting model was capable of simulating the fluxes reported under in vitro studies with good agreement, suggesting repression of propionyl-CoA transferase by carboxylate metabolites as the main limiting factor for propionate production. Furthermore, the predicted ﬂux control coeﬃcients of the pathway enzymes under steady state conditions revealed that the control of ﬂux is shared between propionyl-CoA transferase and lactoyl-CoA dehydratase. Increase in lactate concentration showed gradual decrease in ﬂux control coeﬃcients of propionyl-CoA transferase that in turn confirmed the control exerted by the carboxylate substrate. To interpret these in silico predictions under in vivo system, an organized study was conducted with a Lactic Acid Bacteria (LAB) strain engineered with acrylate pathway. Analysis reported a decreased product formation rate on attainment of inhibitory titre by suspected metabolites and supported the model. 
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Introduction

Increased demands for value added compounds and rapid advances in metabolic engineering studies have facilitated the development of high performance microbial strains as bio-factories for a diverse range of bioproducts. Green chemical markets were initially focused on the biological production of high price/low volume products to be economically competitive. However, there has been a resurgence of interest towards high volume/low cost platform chemicals. One such commodity chemical which can be synthesized by a fermentation route is propionic acid, which is widely used as food and feed preservative, and in the synthesis of a herbicide, perfume, paint, as well as cellulose fibers and for the pharmaceutical industries (Wemmenhove et al. 2016; Álvarez-Chávez et al. 2012; Hebert et al. 2017). Propionic acid is industrially produced by petrochemical routes (Playne 1985; Goswami and Srivastava 2000).  Fortunately, recent efforts have increased propionic acid productivity by native microbial producers both via the dicarboxylic acid (DCA) pathway and the acrylate pathway (Hetzel et al. 2003; Coral et al. 2008). While most microbial studies of propionic acid have focused on the DCA pathway, very few studies have explored propionic acid synthesis via the acrylate pathway. Moreover, the acrylate pathway also acts as a chassis for producing multiple products of high market value such as β-alanine, 2-hydroxyoxobutanoate, α-aminobutyrate, bio(co)polymers, etc.(Srirangam et al. 2017). Native strains that express the acrylate pathway are constrained by slow growth rate and a lack of genetic tools (Barbirato et al. 1997).
Despite of recent advances in genetic techniques, expressing a complex multi-gene pathway in a heterologous host is time intensive. In addition to make bio-based products commercially viable, it is imperative to achieve productivity levels of 2-3 g/L-h leading to a final concentration of 50-100 g/L (Warnecke and Gill 2005). Nevertheless, the desired product levels achieved is often low due to various constraints. The major limitation occurs due to allosteric and feedback mechanisms coordinated by the intracellular concentrations of metabolites, co-factors, redox and energy carriers (Heinrich and Rapoport 1974). Further, imbalanced expression of multi subunit genes leading to differential activities of the corresponding enzymes in the pathway would lead to undesired intermediate accumulation affecting the productivity. A kinetic modeling framework is paramount in capturing these system non-linearities including feedback and allosteric regulations.

Kinetic modeling of pathways has been successfully employed to analyze the impact of enzymes in controlling the fluxes as well to understand the intermediate’s role in regulating the pathway (Peletier et al. 2003). Applying kinetic model to pathway engineering becomes a powerful tool because of the ease of enzyme kinetics experiments performed in isolation and by pathway assembly accomplished through cell free systems. Cell-free systems have several advantages for developing the kinetic model and optimizing the pathway flux compared to in vivo processes (Wayman et al. 2015). They can in principle be used to understand, predict, and evaluate the effects of adding, removing, or modifying molecular components of a cell factory (Almquist et al. 2014).
In our previous report, expression of the acrylate pathway was achieved in Escherichia coli, but the titre of propionic acid was very low (Kandasamy et al. 2013). This low titre was proposed due to inadequate levels of protein expression and cofactor imbalance. Later it was anticipated that presence of active catabolic networks associated with metabolic intermediates in the pathway might have redirected flux to undesired products. These problems led us to propose an alternate robust host, the lactic acid bacteria (LAB), which possess simple fermentative metabolism, limited biosynthetic capacity and high lactate production. Moreover, high acid tolerance and susceptibility to genetic interventions make LAB ideal candidates for the accumulation of propionic acid (Gaspar et al. 2013; Kleerebezem and Hugenholtz 2003; Neves et al. 2005). Another feature of LAB is their potential to ferment whey lactose, an abundant dairy by-product causing ecological stress (Chatzipaschali and Stamatis 2012). Utilization of whey lactose as carbon source would seem well-aligned for producing green commodity chemicals such as propionic acid. Moreover, propionate produced through fermentation of whey lactose using LAB can be formulated directly with animal feed acting as preservative just by separating the cells thus reducing purification cost.

To understand and quantify key constraints of the flux in the heterologous pathway, we developed a kinetic model incorporating the enzymatic reactions of the acrylate pathway in L. lactis. Further, the model was validated in vitro by a cell free system and in vivo by fermentation experiments using the metabolically engineered Lactococcus lactis (Fig. 1). Therefore, the novelty of the present work lies in its assessment of regulatory and pathway bottlenecks and exploring ways to redefine the metabolic network for desired product synthesis. 
Materials and methods

1.1
Strains and growth conditions
Strains and plasmids used in this study are listed in Table 1. E. coli DH5α was used as an intermediate host to construct the expression and integration cassette and grown in Luria–Bertani (LB) medium (5 g/L yeast extract, 10 g/L tryptone and 10 g/L NaCl) at 37 °C. Ampicillin (100 μg/mL) and erythromycin (150 μg/mL) was added to the LB medium in order to maintain selection pressure on plasmid-containing E. coli cells. L. lactis was cultured at 30°C in M17 medium containing 5 g/L glucose for cell growth (G5M17) (Terzaghi and Sandine 1975) or in a defined medium (SA medium) (Jensen and Hammer 1993) to screen vector excision from the chromosome. Glucose concentration remains unchanged unless stated. Erythromycin (10 μg/mL) was used to screen recombinant L. lactis cells with single-homologous integration and also for the maintenance of plasmids in the corresponding L. lactis strains RS2, and L. lactis RS3. Nisin (5 ng/mL) was added at 0.6 OD600 of the culture to induce the expression of heterologous genes in the recombinant strains of L. lactis. To select those cells where the plasmid backbone was lost due to double-homologous recombination, 5-fluoroorotate (10 μg/mL) was added to SA medium (Solem et al. 2008).
1.2
Molecular techniques and transformation procedure 

Genomic DNA was isolated using DNeasy® Blood & Tissue kit (Qiagen, Germany). Plasmid DNA was isolated from E. coli either by alkaline lysis method (Birnboim and Doly 1979) or QIAprep® Spin Miniprep Kit (Qiagen, Germany). For isolation of plasmid DNA from L. lactis, GenEluteTM Plasmid Miniprep kit (Sigma Aldrich) was used with slight modification by adding 15 µl of mutanolysin (1000 U/ml) and lysozyme (30 mg/ml) to the lysis solution.       E. coli competent cells were prepared using CaCl2 and transformed by heat-shock method (Sambrook and Russell 2001). Plasmid DNA was transformed to electrocompetent L. lactis prepared as previously described (Holo and Nes 1989), using Gene Pulser (Biorad). Recombinant plasmids were confirmed by PCR and restriction digestion and were analyzed by agarose gel electrophoresis. PCR products and the desired DNA fragments used for cloning were purified using QIAquick PCR Purification Kit andQIAquick Gel Extraction Kit (Qiagen, Germany). All DNA-modifying enzymes (restriction enzymes, Phusion and Taq DNA polymerase, and T4 ligase) were used as per the recommendations by the manufacturer (New England Biolabs, USA).
1.3
Effect of Propionic Acid on Cell Growth

To determine the inhibition effect of propionic acid on cell growth, cells were grown in triplicate under anaerobic conditions in serum tubes containing 10 mL of the M17 with 5 g/L glucose and varying amounts of propionic acid (0.2M – 1M). Cell growth was monitored by measuring the optical density (OD) at 600 nm, and the specific growth rates estimated from semi logarithmic plots of OD versus time (Suwannakham and Yang 2005).
1.4
Plasmid and strain construction

The oligo-nucleotides used for amplification of different gene fragments are listed in TableS1 (supplementary data). In this study, the acrylate pathway genes were maintained in plasmids, while D-lactate dehydrogenase that produces D-lactate, the key precursor of the pathway was integrated into the chromosome of L. lactis. The integration and expression vector used for this work were derived from the available vectors pSIP411 and pSEUDO, and reconstructed with nisin inducible promoter. Thus, a synthetic construct comprising of nisA promoter and terminator region from pNZ8048 along with custom made multiple cloning site were introduced into BglII and EcoRI of pSIP411 and into BamHI of pSEUDO resulting in the plasmids pSIP-RS and pSEUDO-RS. The ldhA gene was amplified from the genomic DNA of Lactobacillus reuteri using the primers ldhA-F and ldhA-R, and was digested using appropriate restriction enzymes, ligated together, and then cloned into pSEUDO-RS, resulting in the plasmid pSEUDO-RS1. The plasmid pSEUDO-RS1 was introduced into L. lactis NZ9000 by electroporation thus producing the strain L. lactis RS1.This plasmid can replicate in E. coli but not in L. lactis. The integrants with single homologous recombination (resistant to erythromycin) were selectively screened from the cells grown in M17 media, supplemented with glucose and erythromycin. A second homologous recombination and excision of the vector backbone was brought about by plating the single-crossover cells on a SA medium supplemented with 5-fluoroorotate.
The genes encoding the acrylate pathway enzymes, Acr (Acryloyl-CoA reductase) Lcd (lactoyl-CoA dehydratase), and Pct (propionyl-CoA transferase), were amplified from the genomic DNA of Clostridium propionicum DSM 1682. The three genes encoding Acr were digested with KpnI and XhoI, and ligated into pBS vector. The genes encoding Lcd together with Pct were digested with XhoI and BamHI and ligated into pUC29. The resulting plasmids were transformed into E. coli DH5α. Subsequently, the cloned genes were released from their respective cloning vectors using restriction enzymes AgeI and XhoI for Acr, XhoI and NotI for Lcd, and were sub-cloned into pSIP-RS by three piece ligation. The resulting plasmid pSIP-RS3 was electroporated into L. lactis RS1 thus generating the recombinant strains L. lactis RS3.
1.5
SDS-PAGE analysis

The SDS-PAGE analysis of the protein extract from L. lactis RS3 harboring the plasmid containing acrylate pathway genes was carried out on a 12% polyacrylamide gel (Laemmli 1970). Protein estimation was performed by the Bradford method using bovine serum albumin (BSA) as standard (Bradford 1976). 

1.6
Enzyme activity analysis
Cell extracts of the L. lactis RS3 strains were prepared by disrupting the cell pellet enzymatically using CelLytic B Plus Kit (Sigma, USA). Cell debris were removed by centrifugation (20,000×g for 15 min at 4°C), and the soluble fractions were used to measure activities of acrylate pathway enzymes. The CoA substrates for the assay were synthesized by acylation of the corresponding anhydrides with CoASH (Simon and Shemin 1953). 

The estimation of propionyl-CoA transferase activity was performed based on the reaction of free thiol of CoA with DTNB. The reaction was carried out for 5 min at room temperature in 100 mM phosphate buffer (pH 7.0) containing 0.2 M sodium acetate, 1mM oxaloacetate, 1 mM DTNB, 20 µg citrate synthase, 0.1 mM propionyl-CoA and cell-free extract to a final volume of 0.5 mL. The increase in absorbance was followed at 412 nm (ε = 14 mM-1cm-1) (Buckel et al.1981).

Lactoyl-CoA dehydratase activity was estimated by performing the reaction under anoxic conditions at ambient temperature. The reaction mixture with total volume of 0.5 mL contained 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS) pH 7.0, 10 mM dithiothreitol (DTT), 5 mM MgCl2, 0.1 mM dithionite, 0.4 mM ATP, and cell free extract. After 10 minutes of incubation, 2 mM lactoyl-CoA was added. The increase in absorbance due to the formation of acryloyl-CoA was followed at 290 nm (ε = 2.2 mM-1cm-1) (Parthasarathy et al. 2010). 

Acryloyl-CoA reductase assay was carried out under anoxic conditions. The reaction mixture with a total volume of 0.5 mL consisted of cell free extract in 100 mM Tris, pH 8.0, and 0.2 mM NADH. The reaction was started by the addition of 1mM acryloyl-CoA, and the decrease in absorbance due to decrease of NADH was measured at 340 nm (ε = 6.3 mM-1cm-1) (Hetzel et al. 2003).
1.7
Studies on substrate and product inhibition 
In order to study inhibition by the carboxylate precursor and product of the pathway involved, experiments were performed with varying concentration of lactate and propionate under anoxic condition. Reaction mixture containing 100 mM potassium phosphate (pH 7.0), with various concentration of D-lactate and acetyl-CoA (3, 6, 9 and 12mM), NADH accordingly as 0.6, 1.2, 1.8, 2.4 and 3 mM and cell free extract of L. lactis RS3 with maximal specific activity of the acrylate pathway enzymes were used. The reaction was initiated by addition of the substrate D-lactate. To analyse inhibition by L-lactate and propionate, the concentration of 3 mMD-lactate, 3mM acetyl-CoA, 0.6 mM NADH and whole cell lysate were held constant and the inhibitor concentrations were varied (25, 50 mM for L-lactate and 6, 12 mM for propionate). To verify the simulation results, the reaction was stopped at 0, 2, 4, 6, 8 and 10 min with 5M HCl.

1.8
Development of enzyme kinetic model

Kinetic model was generated by incorporating rate equations for acrylate pathway enzymes using the software GEPASI (Mendes 1993), which assembles the set of ordinary differential equations automatically. Initial model validation was completed with our previously developed strain E. coli VK-23(Kandasamy et al. 2013) and for later study L. lactis RS3 was used. Table 2 gives deﬁnitions of the mathematical symbols and abbreviations used in the equations of the kinetic model and reactions involved in acrylate pathway. For reaction catalyzed by propionyl-CoA transferase (Pct) the rate equation was simulated using reversible ping-pong bi-bi reaction. Pct uses either acetyl-CoA or propionyl-CoA as CoA donor (Selmer et al. 2002). The reaction proceeds with binding of the enzyme Pct first to acetyl-CoA substrate to generate enzyme-CoA thioester as intermediate, which further transfers CoA to acid substrates generating corresponding CoA derivative. Although acetyl-CoA is required for the initial priming of the pathway, it is a transient CoA donor, hence for pathway functioning propionyl-CoA is assumed to be the persistent CoA donor. Therefore, the reaction dynamics of the cyclic model was predominantly captured unless stated. The second reaction of the pathway that involves dehydration catalyzed by lactoyl-CoA dehydratase was modeled using reversible single-substrate Michaelis-Menten kinetics. The product water was considered to be in excess and was not included in the reaction. The final reduction reaction, catalyzed by acryloyl-CoA reductase was simulated using irreversible bi-substrate Michaelis-Menten kinetics. The rate equations used for the study are shown in Table 3. 
Fitting was performed using evolutionary programming method incorporated in GEPASI, with a population of 10 models running for 500 generations. The unknown parameters derived from fitted data were constrained using following limits: R1-Vf (20 – 50mmol/L cytosol-min), Keq (1- 10 mM), Kia (0.01 – 2 mM), Kiq (0.01 – 2 mM); R2-Vr(5-10 mmol/L cytosol-min); R3-Vr (20 – 50 mmol/L cytosol-min), Kia (0.01 -2 mM), Kiq (0.01 -2 mM). The initial concentrations of substrates lactate, acetyl-CoA, acetate, NADH, NAD were taken as 1000 mmol/L cytosol and for propionyl-CoA as 10 mmol/L cytosol. In case of E. coli the model simulation results were fit with the experimental batch propionic acid formation data from our previous study (Kandasamy et al. 2013), whereas in L. lactis the model was operated to validate the in vitro inhibition data performed using cell-free system. Concentration of the measured metabolites was converted from mM to mmol/L cytosol.
Model parameters: The kinetic parameters used for the model are summarized in Table S2 (supplementary data). Maximal activities were derived from the measured activities of acrylate pathway enzymes in the respective recombinant strains. The relation 1g DCW corresponds to 2.4 ml and 1.5 ml cytosol (Bennett et al. 2009) were used for E. coli and L. lactis. We assumed that proteins make up 50% of dry weight and that an OD of 1 corresponds to 0.33 g DCW for both E.coli and L. lactis (Hoefnagel et al. 2002). 
1.9
Quantifying the flux control

Metabolic control analysis was performed to quantify the contribution of enzymes in controlling the pathway flux under steady-state of a metabolic system (Moreno-Sanchez et al. 2008) with the help of the validated kinetic model. In metabolic control analysis (performed at steady state), the elasticity coefficients (Eqn 1.1) indicate the extent of influence of intermediate pool levels on each enzyme. The flux control coefficients (Eqn1.2) which reflect the enzymes with maximum flux control valid over a given parameter range are calculated from the elasticity coefficients with the aid of the summation (Eqn1.3) and connectivity (Eqn1.4) theorems using the software COPASI.
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 is the flux control coefficient,  Jk is the steady state flux through the kth  reaction  and Ei is the activity of the ith enzyme, equation (1.3) and (1.4)  represent the summation and connectivity theorems respectively.
1.10
Perturbation analysis

Perturbation analysis was performed to assess the effect of variations in enzyme specific activities on propionic acid production. Simulations were performed by varying Vmax of acrylate pathway enzymes using the measured specific activities in the recombinant strain E. coli VK-23 state as control, relative changes of propionate production were computed in silico. The lactate formation rate was calculated from E. coli VK-23 batch fermentation data as 510 mmol/L cytosol-min (Kandasamy et al. 2013). The model was simulated for 10 min to match the lactate flux such that all lactate formed can be converted to propionic acid. 

1.11
Batch and continuous fermentation

Anaerobic fermentation of L. lactis were performed respectively in M17 and MRS medium supplemented with 1g/L, 10 g/L or 30 g/L of glucose. Growth with 1 g/L was carried out in screw capped bottles flushed with N2, whereas growth with 10 g/L or 30 g/L was carried out in a 7 L bioreactor (Bioflow 415; New Brunswick Scientific, USA) with working volume of 2.0 L. For L. lactis, the pH was maintained at 7.0using 4 M KOH, the temperature was controlled at 30°C, and the agitation was 200 rpm. Continuous fermentations with 10 g/L glucose were operated in a 2.4 L bioreactor (Bioengineering, Switzerland) with a working volume of 1.0 L flushed with nitrogen.  The culture initially grew in batch mode before switching to a chemostat operating at constant feed and effluent rate of 0.05 h-1. A steady-state condition was assumed after five residence times after which samples were collected for analyses. 

1.12
Analytical procedures

For measurement of biomass and metabolites, the fermentation broth was centrifuged (11,200 × g for 10 min at room temperature). The pellet was resuspended in 0.9% NaCl solution and analyzed at 600 nm (OD 600) with the spectrophotometer. The supernatant was used for quantification/estimation of glucose and other metabolites of the mixed acid fermentation (Fig. 1). Glucose and organic acids except acetoin and propionic acid were analyzed using Aminex column (HPX-87H,Bio-Rad, USA) maintained at 55°C using 5 mM H2SO4 as mobile phase at a flow rate of 0.4 mL/min. D-lactate was estimated by using as Chirex penicillamine-D column (Phenomenex, USA) operated at 33°C with 1 mM CuSO4 as mobile phase and flow rate 1 mL/min. Since acetoin and propionic acid peaks co-elute, these metabolites were analyzed separately. Acetoin was estimated by Voges–Proskauer assay method (Romick and Fleming 1998) and propionic acid in the culture medium was determined by GC-MS (Fang et al. 2016). Pathway intermediates were analyzed using Atlantis T3 (3m particle, 120Å pores) (300 × 78 mm, Bio-Rad, USA) in HPLC (LC-10Avp) equipped with UV detector at a flow rate of 0.3 ml/min at room temperature. 
Results

1.1
Analysis of propionic acid tolerance 

An important aspect in non-native pathway engineering is to study the effect of desired product on growth of organism. As propionate can be inhibitory to microbial growth (Gu et al. 1998), we first analyzed the effect of this organic acid on L. lactis growth.  The tolerance exhibited by L. lactis to propionic acid at a pH of 7.0 was studied and quantified using a non-competitive product inhibition model (Suwannakham and Yang 2005). The µmax and inhibition constant (Ki) for propionate was found to be 0.30 h-1 and 43.4 g/L.  The Ki obtained was 10-fold greater (data not shown) than those reported for the native producer P. acidipropionicii (Ki = 4.26 g/L). Even acid adapted cells of P. acidipropionicii exhibited significantly lower Ki (8.93 g/L) than L. lactis. 
1.2
Molecular confirmation of the recombinant strains

Available lab vectors were modified to construct the recombinant strains. In this study, new variants of pSEUDO integration vector and pSIP expression vector were successfully developed by introducing a synthetic construct to allow inducible gene expression using NICE (nisin-induced controlled expression) system. The efficiency of the synthetic construct to drive the expression was also investigated by cloning ldhA genes derived from L. reuteri in L. lactis 9020 (data not shown). Since D-lactate is the precursor of propionic acid production through acrylate pathway, it was imperative to clone D-lactate dehydrogenase in L. lactis which only produces L-lactate. As the expression vector used in the study could not accumulate more than 10 kb of gene fragment, the acrylate pathway genes were cloned in the modified expression vector (pSIP-RS), while the D-lactate dehydrogenase gene was integrated into chromosome of   L. lactis using the modified integration vector (pSEUDO-RS). The integrants that showed both integration (erythromycin resistance) and excision of the vector backbone from the chromosome (5-fluoroorotate resistance) were screened and used for cloning the propionic acid pathway genes. Moreover, the chromosomal DNA from these pSEUDO-RS integrants (L. lactis RS1) were extracted and examined by PCR to confirm the site specific integration of the ldhA gene. The production of D-lactate under nisin-induced culture condition further confirmed the presence and stability of ldhA gene. Subsequently, the newly constructed strain L. lactisRS1 was engineered with the genes of acrylate pathway and were screened via resistance to erythromycin and confirmed by PCR amplification using gene specific primers (Fig. 2). 
1.3
Functional analysis 

The functional and active expression of the engineered pathway genes were ascertained by enzyme assay and SDS-PAGE in native and nisin-induced recombinant strain. SDS-PAGE analysis of the protein extract from L. lactis RS3 harboring the plasmid containing acrylate pathway genes is shown in Fig. S1 (Supplementary data). The analysis confirmed the expression of acrylate pathway genes in the recombinant strain, but were absent in native. In concordance with the differential protein expression of acrylate pathway genes, significant differences in the activity of the enzymes were also noted and found to be similar to our previous report in E. coli (Table 4).  Since expression of these genes was successful in L. lactis, we proceeded to study the impact of the expressed acrylate pathway genes on the flux distributions in this organism.

1.4
Initial model validation

We first constructed a kinetic model describing the ﬂux distribution over the acrylate pathway in E. coli VK-23. To evaluate the model previous batch data were fitted and analyzed (Fig.3). Evaluation revealed that the propionate production obtained in silico remained within the range of values reported from in vivo experiment. Higher acetate formed during the time course reflected concurrent change in acetyl-CoA levels, which decreased sharply, then showed a marginal increase. This result indicates that the initial concentration of acetyl-CoA is crucial for priming the pathway. Moreover, the intermediate propionyl-CoA was found to accumulate in significant amounts which corroborates with the relatively lowered rate of propionyl-CoA conversion to propionic acid as compared to other reactions in the pathway. The other intermediates namely lactoyl-CoA and acryloyl-CoA did not show any accumulation. Absence of acryloyl-CoA is substantiated by the positive change in Gibbs energy (∆G = 9.9 kJ/mol) for the reaction catalyzed by lactoyl-CoA dehydratase followed by highly negative Gibbs energy(∆G = -68.8 kJ/mol) for acryloyl-CoA,reductase reaction thus maintaining negligible acryloyl-CoA concentration in vivo (Flamholz et al. 2012). However, absence of lactoyl-CoA formation in presence of significant propionyl-CoA accumulation to prime CoA provoked a question to be addressed. The lack of functional propionyl-CoA transferase was identified as a major bottleneck toward propionate formation.
1.5
Elucidating the role of carboxylate inhibition on Pct in cell free extract of L. lactis RS3


The impact of inhibition on the acrylate pathway flux at low intracellular substrate and product concentrations has not been quantified. Since D-lactate and propionate are the substrate and product, we speculated that carboxylate inhibition results in propionate-CoA transferase suppression and propionyl-CoA accumulation, which hinders propionate production. Therefore, we undertook a more detailed examination by developing a kinetic model describing acrylate pathway flux in L. lactis and simulating the effect of proposed inhibition, with various initial lactate and propionate concentrations using cell-free extract of L. lactis RS3. 
From the series of experiment conducted with different concentration of lactate and propionate, an apparent inhibition of propionyl-CoA transferase by D-lactate and propionate was seen. A dose-dependent inhibition of conversion rate was observed with measurable inhibition at D-lactate concentration as low as 6 mM, while 3mM did not show any inhibition and resulted in propionic acid formation. 6mM D-lactate also produced propionic acid at lower rate; however, the concentration remained constant later with significant accumulation of propionyl-CoA. This result was attributed to the synergetic effect of D-lactate and propionate on propionyl-CoA transferase, as propionate also showed inhibitory effect similar to that of D-lactate at low concentration of 6 mM and 12 mM. Also, detectable propionyl-CoA accumulation at concentrations of 9 mM and 12 mM lactate corroborated the extent of enzyme inhibition.  Conversely, the inhibitory influence exerted by L-lactate demonstrated that the dominant effect was induced only at higher L-lactate concentrations (50 mM) and functions at reduced rate under lower titre (25 mM). As demonstrated in the in vitro experiments the intermediate and product concentrations obtained were reliably simulated by the in silico results, indicating propionyl-CoA transferase inhibition to be the major bottleneck, in addition to insufficient activities of the acrylate pathway enzymes, in limiting the flux towards propionate synthesis (Fig. 4)
1.6
Metabolic control analysis

Having developed a kinetic model and validated the experimental observation, we further applied the model to perform steady state metabolic control analysis in order to investigate the enzyme with the greatest eﬀect on propionate formation. The effect was assessed by calculating the flux control coefficient of each enzyme and assuming maximum lactate concentration of 1000 mM. The study revealed Lcd to be the rate limiting enzyme with a flux control coefficient of 0.56 followed by Pct and Acr with flux control coefficients of 0.43 and 0.02, respectively. As lactate concentration increased, redistribution in flux control pattern was observed with respect to Pct and Lcd, although it was not significantly perturbed in the case of Acr (Fig. 5). The flux control of Lcd dominates over that of Pct, with respect to changes at lactate concentration. Nevertheless the flux control coefficients are valid only near the given parameter values. Hence, variations in predicted propionate concentrations with respect to the changes in Pct expression level at lower concentrations of lactate were confirmed.
1.7
In vivo interpretation and elucidation of metabolic shift in L. lactis RS3
To elucidate the in vitro based data under in vivo condition, batch fermentations were designed. As the in vitro prediction showed strong inhibitory effect by D-lactate, we completedfermentation experiments with different glucose concentration (30g/L, 10 g/L and 1 g/L) to elucidate indirectly the product titre attained at relevant concentration of inhibitory metabolites. 
Fermentative growth of L. lactis RS3 with 1 g/L glucose achieved a low titre of propionic acid (0.07 g/L). Since no accumulation of D-lactate in culture medium was observed, the rate of D-lactate formation is less than or equal to its consumption via acrylate pathway. The low titre of propionic acid is likely a consequence of the culture being glucose-limited.
The carbon flux under 10 g/L glucose in L. lactis RS3 exhibited a similar metabolic trend as that of 1g/L. The fermentation attained a titre of 0.26±0.02 g/L propionic acid, about 4 times higher than the titre achieved from 1 g/L glucose.  Moreover, the rate of conversion from D-lactate to propionate decreased over the course of fermentation with the concomitant accumulation of D-lactate. The reduction in the rate of propionic acid production could be due to the synergetic inhibitory effect of lactate and propionate on propionyl-CoA transferase, thus reducing its catalytic efficiency by restricting its ability to transfer CoA. Even though inhibitory to propionyl-CoA transferase, the titre of D-lactate was relatively low (1.2 g/L), which could be attributed to lower affinity and catalytic inefficiency of non-native D-lactate dehydrogenase towards pyruvate. 
Unlike 1 g/L and 10 g/L fermentation, the L. lactis RS3 failed to yield propionic acid under fermentation from 30 g/L glucose. The absence of propionic acid was likely due to inhibitory concentrations of D-lactate and L-lactate attained at this high concentration of glucose. Compared to wild type, only acetate production increased whereas ethanol and formate production remained same. The increased acetate formation was attributed to maintain energy balance of the cell under genetic perturbation. Furthermore, the flux towards acetoin formation was reduced. Thus, the in vivo result reflects the in vitro behavior, and implicates the associated product inhibition as an important factor in optimization of the engineered acrylate pathway. 
1.7.1
Chemostat process
Since product inhibition was found to be an important factor that affects the synthesis of propionic acid in batch reactor operations, we completed a steady-state fermentation with a feed glucose concentration of 10 g/L. This operational mode allowed us to maintain lower inhibitory concentrations of substrate and product in the medium. The yield of D-lactic acid formed per glucose consumed (YD-LA/S) was 0.1 g/g. However the yield of propionic acid formed per glucose consumed was 0.03 g/g. The higher YD-LA/S to YPA/S shows that there is substantial inhibition in channeling of the D-lactate towards propionate production. This result corresponded with the lower carbon flux towards propionate formation in the recombinant L. lactisRS3 (Fig.6). Further under such glucose-limited cultivation the carbon balance showed excellent closure (92% ± 2%).

1.8
Perturbation of enzyme activities for enhancing propionic acid 
The validated kinetic model enables one to explore the effect of varying enzyme concentrations/activities on propionic acid formation. In order to explore ideal enzyme concentration required during high D-lactate yield (0.94g/g), perturbation analysis was performed with maximal specific activities assayed from E. coli VK-23 (Kandasamy et al. 2013). To channelize all the lactate formed to propionate pathway, despite Pct repression, the analysis deduced several fold increasein enzyme activities as follows: Pct to 8 U/mg; Lcd to 2.7 U/mg; Acr to 0.7 U/mg. However, over expressing enzymes to achieve such desired activities brings metabolic burden to the cell. Therefore, in silico analysis was carried out to evaluate the effect of an engineered Pct devoid of inhibition on propionic formation by varying the enzyme activities of Pct, Lcd and Acr. In this scenario, the value of inhibition constant Kilac and Kiprpfor Pct was modified from 0.02 mM and 0.045mM to 100000mM respectively, the high value simulates Pct lacking substrate and product inhibition. 


The results showed that the propionate concentration of 246 mmol/L cytosol could be achieved without any enzyme over expression. Although the maximum propionate concentration matching the lactate fluxes of 510 mmol/L cytosol was achieved only with a corresponding ten-fold increase in Pct and Lcd (Table 5). Beyond the above perturbations, any enzyme over expression was deemed redundant as the propionate accumulation sufficiently matched the lactate flux and further over expression of Pct and Lcd merely adds to the cells metabolic burden, without improving propionate production efficiency. The results indicate that Pct plays a decisive factor in regulating the pathway flux followed by Lcd. Nevertheless, enhancing propionate production demands only basal expression level of acrylate pathway enzymes rather than over expression. Therefore, a more targeted alteration of the synthetic pathway could be achieved by introducing enzymes with altered control properties. 
Discussion
This is the first report on the development of a valid kinetic model to understand the non-linear dynamics of the engineered acrylate pathway in L. lactis. The model was fine-tuned by incorporating the actual intermediate concentrations, and by employing the kinetic constants of the enzymes. In vitro experiments performed clarified several confounding hypothesis. Inhibition of propionyl-CoA transferase does have a large effect on propionate production, also the model was able to describe the performed independent experimental results. Moreover MCA quantiﬁed the importance of each enzymes in controlling the ﬂux through the pathway. The results showed that propionyl-CoA transferase control the ﬂux within the acrylate pathway and its presence at sufﬁcient levels eliminates pathway bottleneck and signiﬁcant accumulation of intermediate metabolites. The work has also highlighted the value of in vitro constants in providing a great deal of information to parameterize in vivo models. The results obtained have demonstrated excellent agreement between predicted and experimental productivities. Perturbation analysis performed using the kinetic model aided in identifying the precise enzyme ratios required to maximize propionate production with lowest amount of protein over expression minimizing metabolic burden on the host.

In addition to the output yield, elucidating the innate regulation exhibited by the host (L. lactis RS3) to meet the metabolic needs for desired product is significantly important. Though the engineered strain managed to yield low propionate, it was quite interesting to observe the metabolic shift displayed upon heterologous gene expression for product synthesis. The first remarkable change was redistribution of carbon flux at the pyruvate node that switched from homolactate to mixed acid formation. Secondly, the production of unusual end products formate and acetoin was observed with concomitant production of propionic acid. This metabolic rerouting was attributed to cell’s flexibility in maintaining redox balance that plays an important role during biochemical transformations mediated by metabolic enzymes. One of the acrylate pathway enzymes, acryloyl-CoA reductase,consumes one NADH that shuttles electrons to propionyl-CoA dehydrogenase (subunit of acryloyl-CoA reductase) towards formation of propionyl-CoA. In order to overcome NADH demand, the recombinant L. lactis RS3 behaved in-fashion to that of acetate and ethanol formation from pyruvate that undergoes simultaneous oxidation and reduction with regeneration of 2 NAD+. We believe, similarly, to maintain the redox balance, L.lactis RS3 shuttles the reducing equivalents from glycolysis into the reductive branch in which pyruvate was reduced to propionate via D-lactate in a series of steps to regenerate 2 NAD+with concomitant oxidation of pyruvate to acetoin and formate. Finally, in contrast to wild type that produced equimolar ethanol and acetate, L. lactis RS3 showed a decrease in ethanol-to-acetate ratio with 1 g/L and 10 g/L glucose. Though ethanol formation was also observed with 30 g/L glucose; the concentration of ethanol was found to be similar to thewild type. This in turn supports the data obtained was consequence of the inhibitory effect thathindered propionate formation and redirected the flux towards ethanol production. However, increased acetate concentration with 30 g/L glucose was attributed to the increased maintenance demand of the induced organism (Valentine and Wolfe 1960). Besides maintenance, increase in acetate flux might also be a result of simultaneous oxidation of lactate to acetate with concurrent reduction to propionate as a way to balance redox (Gottschalk 1986). The NADH and ATP generated via acetate formation from lactate accompanied with concurrent consumption through propionate production might contribute to the cellular redox state (Schwieger and Buckel 1984). However as only low titre of propionic acid was formed, the actual mechanism that host has evolved to maintain redox remains elusive. 
We hypothesize that the reason Clostridium propionicum produces more propionic acid than its counterparts may be attributed to its characteristic ability to fine tune the desired activity of the constitutive rate limiting enzyme (Pct: 4.6 U/mg) (Schwieger and Buckel 1984) and other pathway enzymes (Lcd: 0.3 U/mg, Acr: 0.28 U/mg) (Selmer et al. 2002; Parthasarathy 2009), controlled complex regulations (like allosteric, feedback regulation), negligible lactate accumulation, as lactate is not the major fermentation product except under stress conditions (Andreesen et al. 1989), the fraction formed is readily utilized (Sokatch 1969)and ultimately balance the redox state via oxidative and reductive branch of acrylate pathway.In the oxidative branch 1 mol lactate is oxidized to acetate, thus giving rise to CO2, 1 mol ATP and 2 NADH. These electrons are directed to the reductive branch in which 2 mol lactate has to be reduced to propionate to maintain the redox balance (Selmer et al. 2002; Johns 1952).
In summary, it is imperative to identify the best candidate enzymes either by opting enzymes from other microbes or reprogramming the rate limiting enzymes. Studies have shown several fold higher catalytic efficiency of acr from Rhodobacter sphaeroides, Ruegeria pomeroyi and E. coli than Clostridium propionicum and increased polymer production by employing a mutant form of pct (Asao and Alber 2013; Park et al. 2013). Similarly, studies have demonstrated increase in levopimaradiene levels to almost 2,600-fold by codon optimization and improved catalytic activity by replacement of amino acids at the active site in E. coli (Leonard et al. 2010). Thus, our future research in L. lactis was focused to implement the above desired strategy in improving propionic acid titre. Overall, the existing results from the study are encouraging in the sense that current available strains and technologies could be significantly improved by enabling in silico analysis besides bioengineering tools, leading to a completely new and profitable metabolic engineering-based process for propionic acid overproduction. 
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Table 1 Bacterial strains and plasmids used in this study

	Strains or plasmids
	Related Description
	Reference

	Strains

	Clostridium propionicum DSM 1682
	Source of acrylate pathway genes namely pct, lcd and acr.
	DSMZ, Germany

	Escherichia coli DH5α
	Cloning host
	Invitrogen, USA

	Lactococcuslactis NZ9000
	Plasmid free derivative of L. lactis MG1363 harboring regulatory genes nisR and nisK integrated into pepN locus
	Ruyter et al. 1996

	Lactococcuslactis NZ9020
	Derivative of  L. lactisNZ9000 with two L-lactate dehydrogenase (ldh) knocked out
	Bongers et al. 2003

	Lactococcuslactis RS1
	L. lactis NZ9020 expressing ldhA gene in plasmid pSIP-RS
	This study

	Lactococcuslactis RS2
	L. lactis NZ9000 harboringldhA gene in  llmg_pseudo_10 locus
	This study

	Lactococcuslactis RS3
	L. lactis RS2 expressing acrylate pathway genes in plasmid pSIP-RS
	This study

	E. coli VK-23
	E. coli Rosetta-gami 2(DE3)pLysS with Pct, Acr and Lcd

Gene
	Kandasamy et al. 2013

	Plasmids

	pBS
	Cloning vector, Ampr
	Addgene, USA

	pUC29
	Cloning vector, Ampr
	Addgene, USA

	pNZ8048
	E. coli-L. lactis shuttle vector containing PnisA promoter, Cmr (chloramphenicol resistant)
	Kuipers et al. 1998

	pSEUDO
	L. lactis integration vector, Eryr (erythromycin resistance), oroP (orotate transporter) based selection
	Pinto et al. 2011

	pSEUDO-RS
	pSEUDO carrying synthetic construct (custom made MCS together with nisin promoter and terminator from pNZ8048)
	This study

	pSEUDO-RS1
	pSEUDO-RS carrying ldhA gene
	This study

	pSIP411
	Broad host range LAB expression system,  Eryr (erythromycin resistance)
	Sorvig et al. 2005

	pSIP-RS
	pSIP411  carrying synthetic construct (custom made MCS together with nisin promoter and terminator from pNZ8048)
	This study

	pSIP-RS3
	pSIP-RS3 carrying acrylate pathway genes
	This study


	Mathematical symbol/abbreviation
	Definition

	Mathematical symbols

Keq
Ki
Km
Vf
Vr
Abbreviations

Lac

LacCoA

Ac

AcCoA

AcrCoA

Prp

PrpCoA

NAD

Reactions used in the model

R1

R2

R3

R4


	Equilibrium constant

Inhibition constant

Affinity constant

Velocity of forward reaction

Velocity of reverse reaction

Lactate

Lactyl-CoA

Acetate

Acetyl-CoA

Acryloyl-CoA

Propionate

Propionyl-CoA

Nicotinamide adenosine dinucleotide

D-lactate + Acetyl-CoA ->D-lactoyl-CoA + Acetate

D-lactoyl-CoA  ->Acryolyl-CoA + H2O

Acryloyl-CoA + NADH ->Propionyl-CoA + NAD+
Propionyl-CoA + Acetate -> Propionate + Acetyl-CoA




Table 2 Mathematical symbols and abbreviations for equations and kinetic models used in this study
Table 3 Rate equations used in this study

The reaction numbers correspond to those depicted in Fig. 1
	R. No.
	Rate equation

	R1,R4
	[image: image9.png]VPrp/LacCod
@F e [procoss tac=

i

~ rcon o Tt roon s merpion e - L E——
“0A(KmPrp + Prp) |

KiProCo:






	R2
	[image: image10.png]





	R3
	[image: image11.png]\Vm ¢ AcrCod « NADH)
mAcrCoA+ KmNADH T EmficrCoA« NADH+ KmNADH+ AorCod ¥ AorCoAs NADH)








Table 4 Specific activities acrylate pathway enzymes in the recombinant strains

	Strains
	Specific activitya (Units per mg protein)
	Reference

	
	Acr
	Lcd
	Pct
	

	L. lactis RS3
	0.04±0.003
	0.018±0.002
	0.26±0.04
	This work

	E.coli VK-23
	0.02±0.005
	0.031±0.004
	0.16±0.02
	Kandasamy et al.2013


aOne unit of activity corresponds to the conversion of 1 µmol substrate per min
Table 5 Effect of variations in enzyme specific activities on propionic acid synthesis without pct inhibition.

	Varying maximal activities (units/mg)

	Enzyme
	C
	P1
	P2
	P3
	P4
	P5

	Propionyl-CoA transferase
	0.16
	1.6
	1.6
	1.6
	3.2
	3.2

	Lactoyl-CoA dehydratase
	0.03
	0.03
	0.3
	0.3
	0.3
	0.3

	Acryloyl-CoA reductase
	0.02
	0.02
	0.02
	0.2
	0.2
	0.4

	Propionate Concentration in (mmol/L cytosol)
	246
	352
	508
	509
	509
	509

	
	
	
	
	
	
	


Figure Legends
Fig. 1 Mixed acid fermentation of L. lactis engineered with acrylate pathway. Solid lines represent metabolic pathway native to L. lactis. Dotted lines represent the introduced pathway for propionate synthesis. Key enzymes in the engineered pathways are: LdhA: D-lactate dehydrogenase; Pct: propionyl-CoA transferase; Lcd: lactoyl-CoA dehydratase; Acr: acryloyl-CoA reductase.

Fig. 2 Schematic representation of L. lactisRS1 construction and the delivery of acrylate pathway genes into L. lactis RS1 generating L. lactis RS3.

Fig. 3 Fitting of simulated model output with the experimental propionate formation profile and model simulated intermediate concentrations of acrylate pathway
Fig. 4 Simulation of cell-free synthesis experiments: Inhibition studies with initial concentration of D- lactate: 3 mM, 6 mM, 9mM, 12 mM, L- lactate: 25mM, 50mM and Propionate: 6mM, 12mM.Continuous line denotes experimental data, discontinuous line denotes model data.

Fig. 5 Variation of flux control coefficients as a function of lactate concentration

Fig. 6 Steady-state carbon balance analysis (molar units based on glucose uptake = 100mM of carbon in percentage) in wild type and L. lactis RS3 with10 g/L glucose fermentation.  
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