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ABSTRACT 
[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: _Hlk29324533][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK24]Enzyme clustering can improve catalytic efficiency by facilitating the processing of intermediates. Functional membrane microdomains (FMMs) in bacteria can provide a platform for enzyme clustering. However, the amount of FMMs at the cell basal level is still facing great challenges in multi-enzyme immobilization. Here, using the nutraceutical N-acetylglucosamine (GlcNAc) synthesis in Bacillus subtilis as a model, we engineered FMM components to improve the enzyme assembly in FMMs. First, by overexpression of the SPFH (stomatin-prohibitin-flotillin-HflC/K) domain and YisP protein, an enzyme involved in the synthesis of squalene-derived polyisoprenoid, the membrane order of cells was increased, as verified by membrane order degree analysis using di-4-ANEPPDHQ staining. Then, two heterologous enzymes, GlcNAc-6-phosphate N-acetyltransferase (GNA1) and haloacid dehalogenase-like phosphatases (YqaB), required for GlcNAc synthesis were assembled into  FMMs, and the GlcNAc titer in flask was increased to 8.30 ± 0.57 g/L, which was almost three times that of the control strains without FMM component modification. Notably, FMM component modification can maintain the OD600 in stationary phase and reduce cell lysis in the later stage of fermentation. These results reveal that the improved plasma membrane ordering achieved by the engineering of FMM components could not only promote the enzyme assembly related into FMMs, but also improve the cell fitness.
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1. Introduction
In recent years, with the emergence and rapid development of synthetic biology and systems biology, microorganisms have been widely used as chassis for the construction of synthetic metabolic pathways. A strategy for building chassis cells is the spatial organization of heterologous metabolic pathways to locally enrich the concentration of enzymes, substrates and intermediates (Hinzpeter et al., 2016; Qiu et al., 2018; Castellana et al., 2014; Bauler et al., 2010). Currently, spatial assembly can be implemented using different methods or strategies, including microcompartments and various interaction mechanisms such as protein-protein or aptamer-adaptor interactions (Abernathy et al., 2017; Young et al., 2017; Dueber et al., 2009; Lee et al., 2012). For instance, using an SH3–ligand interaction pair, Price et al. (2016) organized Mdh, Hps, and Phi into an engineered supramolecular enzyme complex and found that it could significantly improve the conversion of methanol to fructose-6-phosphate. Kang et al. (2019) selected a pair of short peptide tags for modular enzyme assembly to improve product yield and control the flux of metabolites. Lee et al. (2018) developed a supramolecular filamentous scaffold and found that the immobilization of pyruvate decarboxylase and alcohol dehydrogenase into the filamentous scaffold resulted in an obvious increase in ethanol production. All these findings demonstrate the importance of enzyme assembly/clustering in metabolic engineering. In fact, in addition to the exogenous structures or interacting proteins/peptides reported so far, physical processes in cells, such as lipid raft-like domains in their membranes, can also organize native peptides/proteins (Janes et al., 2000).
As distinct liquid-ordered regions, lipid rafts are specialized domains of the plasma membrane, which contain high concentrations of cholesterol and glycosphingolipids in eukaryotic cells (Pike, 2003). In addition to cholesterol and glycosphingolipids, lipid rafts are also rich in scaffolding proteins, including stomatin, podocin, prohibitin and flotillin, which play essential roles in the formation and stability of lipid rafts (Langhorst et al., 2005; Yokoyama and Matsui, 2014). It has been reported that although lipid rafts can be small in size (e.g. 50-100 nm), they may constitute a relatively important fraction of the plasma membrane (Dempwolff et al., 2016; Pike, 2003). More importantly, lipid rafts can cluster specific proteins and provide a biological platform for protein mooring (Grassmé et al., 2002; Sprenger et al., 2006), indicating that lipid rafts may serve as potential organizations for the assembly of pathway enzymes to increase the metabolic flux towards target products. Similar to eukaryotic cells, lipid raft-like domains also exist in the membrane of prokaryotic microorganisms such as bacteria, which are called functional membrane microdomains (FMMs) (Simons and Ikonen, 1997). 
[bookmark: OLE_LINK26][bookmark: _Hlk33463002][bookmark: _Hlk32926516]In fact, FMMs are particularly important in bacteria, as they orchestrate many vital cellular processes, such as nutrient transport and signal transduction (Barak and Muchova, 2013; Muchova et al., 2010). Due to the compact and hydrophobic properties, FMMs may reduce the diffusion of specific membrane proteins, thus promoting their aggregation and concentration (Bach and Bramkamp, 2013; Simons and Gerl, 2010). In addition, our previous study found that FMMs can serve as an endogenous platform for clustering various enzymes, and increase the production of N-acetylglucosamine (GlcNAc) due to the presence of substrate channels and clustering effects when the enzyme needed for GlcNAc synthesis was fixed into FMMs to form a FMMs-multi-enzyme complex system (Lv et al., 2020). The premise of the above research is that all the enzymes involved were expressed at the background level or only at the genomic level. However, biosynthesis of bio-based products often requires overexpression of some enzymes due to factors such as low enzyme activity, while enzyme overexpression poses enormous challenges to FMMs because of the limited amount of native FMMs at the basal cell level. Therefore, how to engineer FMM components to provide more space for enzyme clustering is a key issue to be solved.
The composition and assembly of bacterial FMMs are different from those of eukaryotic lipid rafts because of the absence of cholesterol in membranes of most bacteria (Bramkamp and Lopez, 2015). In bacteria, polyisoprenoid lipids, especially squalene-derived polyisoprenoids, are likely to participate in the assembly of FMMs as cholesterol analogues (Lopez and Kolter, 2010). In addition, flotillin-like proteins in bacteria can organize and maintain the correct architecture of FMMs, and the most typical flotillin-like protein in Bacillus subtilis is YuaG (renamed FloT) (Bramkamp and Lopez, 2015; Good et al., 2011; Langhorst et al., 2005). Further research pointed out that FloT was located in the discrete foci containing C30 triterpenoids derived from the enzymatic reaction catalyzed by the phosphatase YisP, indicating that FloT and YisP are key factors in FMM assembly (Lopez and Kolter, 2010).
[bookmark: _Hlk39243338][bookmark: OLE_LINK43][bookmark: OLE_LINK44]In this study, in order to engineer FMM components without affecting the cell growth and biological function of cells, we only retained the N-terminal SPFH (stomatin-prohibitin-flotillin-HflC/K) domain of FloT, responsible for FMMs assembly and localization, through analyzing the effects of overexpression of full-length FloT and overexpression of SPFH domain on B. subtilis. Then, by using combinatorial di-4-ANEPPDHQ staining and analysis, we found that the order degree of plasma membrane of the engineered strains was improved by overexpression of SPFH domain and YisP protein. As a typical nutraceutical and a precursor of hyaluronic acid and chondroitin sulfate in human body, GlcNAc has been widely used in the cosmetics, food, and pharmaceutical industries (Chen et al., 2010). Herein, we assembled two heterologous key enzymes GlcNAc-6-phosphate N-acetyltransferase (GNA1) and haloacid dehalogenase-like phosphatases (YqaB) for GlcNAc synthesis into FMMs via SPFH domain, which resulted in a significant increase of GlcNAc titer. Interestingly, it was found that FMM component modification can obviously reduce cell lysis during fermentation, especially in later stages of culture. All the findings reveal that FMM modification can permit the assembly of larger amount of enzymes, and ultimately increase the synthesis of GlcNAc. 
2. Materials and methods
2.1. Strains and plasmids 
All strains, plasmids, and primers used in this study are listed in Table 1 and Supplementary Table 1. The starting strain was BSGN6 derived from B. subtilis 168, and the nagP, gamP, gamA, nagA, nagB, ldh and pta genes have been deleted in BSGN6 (Liu et al., 2014).
2.2. Culture media, chemicals, and conditions
[bookmark: OLE_LINK47][bookmark: OLE_LINK48]All strains were grown at 37°C. The strains (including Escherichia coli and B. subtilis) used for genetic experiments were grown on Luria–Bertani (LB) agar plates or in LB medium at 220 rpm. When detecting the cell length of BSN6-P43, BSN6-P43SPFH and BSN6-P43FloT strains, Terrific Broth (TB) medium was used to culture the cells. Complex media for shake flask experiments consisted of: 6 g L-1 tryptone, 12 g L-1 yeast extract, 6 g L-1 (NH4)2SO4, 2.5 g L-1 KH2PO4,12.5 g L-1 K2HPO4∙3H2O, 10 mL L-1 of trace metal solution (4.0 g L-1 CaCl2, 1.0 g L-1 MnSO4∙5H2O, 0.4 g L-1 CoCl2∙6H2O, 4.0 g L-1 FeSO4∙7H2O, 0.2 g L-1 ZnSO4∙7H2O, 0.1 g L-1 CuCl2∙H2O, 0.1 g L-1 AlCl3∙6H2O, 0.2 g L-1 NaMoO4∙2H2O, and 0.05 g L-1 H3BO4), and 60 g L-1 glucose. The appropriate antibiotics were added to the medium as follows: ampicillin (Amp, 100 μg mL-1), kanamycin (Kana, 20 μg mL-1), chloramphenicol (Chl, 5 μg mL-1) or Spectinomycin (Spec, 100 μg mL-1). All chemicals were purchased from Sangon Biotech Co., Ltd. unless otherwise indicated.
2.3. DNA manipulation techniques and construction of plasmids
The manipulation of recombinant DNA was performed using standard protocols (Sambrook and Russell, 2001). Recombinant plasmids were assembled seamlessly using Gibosen and B. subtilis transformation was performed using electroporation. 
Heterogeneous genes were integrated and expressed with strong constitutive promoter P43, the sequence of which was amplified from the plasmid pP43NMK. The fragments, including the upstream and downstream sequences (800-1000 bp) flanking the integration locus, the lox71–Spec/Chl–lox66 cassettes, the promoter, and the target gene sequences were joined using fusion polymerase chain reaction (PCR); the purified PCR products were used to transform competent B. subtilis cells and Spec/Chl transformants were selected. To avoid multiple-resistance marker replacement and removal, the resistance marker from the host strain was evicted with the Cre/lox system before the next round of gene overexpression.
2.4. Extraction and determination of squalene
The single colony was inoculated to LB medium, cultured at 37 °C and 220 rpm for 9 h, then 16 mL seed culture was inoculated into a 2-L flask containing 400 mL of fermentation medium and grown at 37 °C and 220 rpm for 32 h, and the 400 mL cell suspension were collected by centrifugation (8,000 × g, 10 min) and freeze-dried. 0.2 g of freeze-dried bacteria was accurately weighed and transferred to a 15-mL centrifuge tube. 5 mL 10% (w/v) KOH-ETOH (75%, v/v) solution was added to the centrifuge tube. Then saponification reaction at 50 °C was carried out for 10 min. After the temperature dropped to room temperature, n-hexane was added to extract for three times (5 mL each time). The extraction solution was dried with nitrogen and the residue was accurately dissolved in 1 ml acetonitrile. GC-MS analysis was performed to identify and quantify squalene.
2.5. Fluorescence imaging and analysis
[bookmark: _Hlk21444374]For all fluorescence observation, the strains were grown in 5 mL LB medium at 37°C and 220 rpm for 10 h in 50-mL shaker tube. Fluorescence imaging was performed on a Nikon C-HGF microscope fitted with a 100 × oil-immersion objective. EGFP fluorescent proteins were observed using FITC fluorescent filter (EX 465-495; DM 505; BA 512-558). Image analysis was carried out on the Leica TCS SP8 software package and ImageJ software (NIH).
2.6. VA-TIRFM and single-particle tracking analysis
Cells were mounted on a glass slide under a VA-TIRFM equipped with a 100× oil-immersion objective (numerical aperture = 1.45, Olympus) (Olivo-Marin, 2002). EGFP were excited with 488-nm lasers from a diode laser. The emission fluorescence was obtained with a filter (BA510IF (525/50) for EGFP. The fluorescence signals were detected by a back-illuminated EMCCD camera (ANDOR iXon DV8897D-CS0-VP, UK). Images were acquired with 200 ms exposure times. Using spatial and temporal global particle assignment, as described in a previous work (Jaqaman et al., 2008), single-particle tracking was performed. Only tracks with lengths of more than 10 frames were kept for further analysis. For each trajectory, the mean square displacement (MSD) was computed from the following equation: 

where n = t/, L is the length of the trajectory, and r (s) is the two-dimensional position of the particle in frame s (where s = 0 corresponding to the start of the trajectory) (Goulian and Simon, 2000). A line was fitted to the MSD with n running from 1 to the largest integer less than or equal to L/4 to determine the diffusion coefficient (Saxton, 1997).
2.7. Di-4-ANEPPDHQ staining, image acquisition and analysis
[bookmark: OLE_LINK12][bookmark: OLE_LINK13]Di-4-ANEPPDHQ was purchased from Invitrogen (cat. no. D36802). The stock solution of di-4-ANEPPDHQ (5 mM in dimethyl sulphoxide (DMSO)) was stored in at -20°C. For di-4-ANEPPDHQ staining, concentrated strains were incubated in the staining solution (5 μM di-4-ANEPPDHQ in LB medium) for 10 min on ice and washed with cold LB medium for 3 times. Confocal microscopy was performed on a Leica TCS SP8 microscope fitted with a 60 × oil-immersion objective. The samples were excited using a 488-nm laser, and the detection ranges of the two channels were set to 500-580 nm and 620-750 nm. All microscopic settings (PMT voltage, laser power, offset values) for quantitative imaging of membrane components were identical. Then, generalized polarization (GP) images are generated according to the earlier published protocol (Owen et al., 2011), and the custom­written macro for ImageJ provided by Owen et al. (2011) was applied. The GP values were calculated according to the following formula:
GP = (I500−580 − GI620−750)/(I500−580 + GI620−750),
Where, I500−580 and I620−750 represent the fluorescence intensity in each pixel in the images of two channels, 500–580 nm and 620–750 nm; G is the calibration factor, which is calculated using the following formula: 
G = (GPref + GPref GPmes − GPmes − 1)/(GPmes + GPref GPmes − GPref − 1) ,
Where, GPmes is the GP value of di-4-ANEPPDHQ in DMSO solution with the same microscope setup; GPref is a reference value of di-4-ANEPPDHQ in DMSO, and the Gref = −0.85 was used as a suggested value (Owen et al., 2011). The false-colour GP images, named hue-saturation-brightness (HSB) were generated by multiplying the GP values by the intensity values in each pixel.
[bookmark: _Hlk28249879]2.8. Shake flask culture of the engineered B. subtilis
A single colony was grown in 5 mL LB medium at 37°C and 220 rpm for 10 h in 50 mL shaker tube. A seed culture (0.4 mL) was inoculated into a 250 mL flask containing 20 mL of fermentation medium and grown at 37°C and 220 rpm for 48 h (the detection time was 72 h for analysis of cell growth without production of GlcNAc), and 0.6 mL of cell suspension was sampled every 3 or 6 h for cell densities, residual glucose, and GlcNAc measurements.
2.9. GlcNAc production in 3-L fed-batch bioreactor
The production of GlcNAc via fed-batch culture was performed at an initial glucose concentration of 30 g/L. The fermentation medium consisted of 20 g/L tryptone, 20 g/L yeast extract, 10 g/L urea, 2.5 g/L KH2PO4,12.5 g/L K2HPO4·3H2O, and 10 mL/L trace metal solution (4 g/L FeSO4·7H2O, 4 g/L CaCl2, 1 g/L MnSO4·5H2O, 0.4 g/L CoCl2·6H2O, 0.2 g/L ZnSO4·7H2O, 0.2 g/L NaMoO4·2H2O, 0.1 g/L CuCl2·H2O, 0.1 g/L AlCl3·6H2O, and 0.05 g/L H3BO4). The feeding solution contained 700 g/L glucose. Seed culture was carried out in 500-mL shake flasks containing 50 mL of seed medium with shaking at 220 rpm and 37 °C for 12 h. The seed culture was inoculated into a 3-L fermenter (BioFlo115, New Brunswick Scientific Co., Edison, NJ, USA) containing 1.5 L amount of fermentation medium. The pH was kept at 7.0 via the addition of 29% NH3 and 2 M HCl, the aeration rate and agitation speed were 1.5 vvm and 800 rpm, respectively, and the temperature was maintained at 37 °C. After 10 hours of culture, the glucose concentration was controlled below 10 g/L.
2.10. Intermediate metabolite detection
[bookmark: OLE_LINK29][bookmark: OLE_LINK30]Cells were cultivated in LB medium at 37 °C and 220 rpm for 8-10 h, then 1 mL seed culture was inoculated into a 250 mL flask containing 25 mL of fermentation medium and grown at 37°C and 220 rpm, and 3 mL cell suspension was centrifuged (8,000 × g, 10 min) at 12 h, 24 h and 36 h for freeze-drying. Then, 1.2 mL acetonitrile/methanol/H2O (4:4:2) solution was used to quench and extract at 4 °C overnight. After centrifugation (10,000 × g, 15 min) for 10 min, take supernatant for freeze-drying. Samples were resuspended in 100 μl water and centrifuged (10, 000 × g, 15 min) before measuring the intracellular metabolite concentration. UHPLC-MS/MS was performed to detect the metabolites.
2.11. Quantification of GlcNAc and glucose
The GlcNAc concentrations and glucose concentration in the fermentation broth were measured using high-performance liquid chromatography (HPLC) on an instrument (Agilent 1260) equipped with an HPX-87H column (Bio-Rad, Hercules, CA, USA) and a refractive index detector. Aqueous H2SO4 (5 mM) was used as the mobile phase at a flow rate of 0.6 mL min-1 at 40°C. 
2.12. Sample preparation of scanning electron microscopy
First, 5% glutaraldehyde (0.1 M phosphate buffer, pH = 7.2) was used for pre-fixation, then 0.1 M phosphate buffer was used for rinsing and 1% osmium acid (0.1 M phosphate buffer, pH = 7.2) was used for post-fixation. The samples were washed three times with 0.1 M phosphate buffer. After gradient ethanol dehydration: 20%, 40%, 60%, 80%, 100%, 100%, 100%, 100%, the samples were dried at the critical point (LEICA CPD-300), and then the samples were pasted on the sample table and deposited on the cold field emission scanning electron microscope (HITACHI SU8220) after ion sputtering (LEICA, ACE-600) coating.
2.13. Statistical analysis
All experiments were independently carried out at least three times and the results were expressed as mean ± standard deviation (SD). Statistical significance is indicated as * for P < 0.05 and ** for P < 0.01.
3. Results and discussion
3.1. Effect of overexpression of FloT and SPFH domain on cell growth
In a recent work, we reported that both FloT and SPFH domains can be used to anchor enzymes into FMMs (Lv et al., 2020). In order to use such system for metabolic engineering approaches, where the enzymes of interest are usually overexpressed, the overexpression of FloT or SPFH domains would be required. However, it has been reported that the overproduction of flotillin-like proteins (FloT and FloA) can lead to significant defects in cell differentiation and cell shape because of their direct interaction with many proteins related to signal transduction and protein secretion in B. subtilis (Bach and Bramkamp, 2013; Mielich-Suss et al., 2013). Therefore, we first explored whether the overexpression of SPFH domains also affects cell growth. 
[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK27][bookmark: OLE_LINK31]According to the structural predictions and previous reports (Lv et al., 2020; Rivera-Milla et al., 2006), FloT full-length sequence can be divided into two fragments: an N-terminal SPFH domain and a C-terminal flotillin domain (Fig. S1). Using the plasmid pP43NMK, we generated the strain BSGN6-FloT overexpressing full-length FloT gene, the strain BSGN6-SPFH overexpressing SPFH domain, and the control strain BSGN6-S0. As shown in Fig. 1A-D, 300 cells were randomly selected from each microscopic field, and the measurement of cell length shows that the overexpression of FloT results in a reduction of cell length. On average, the control cells and the BSGN6-SPFH cells showed cell length of 2.66 ± 0.21 μm and 2.67 ± 0.19 μm, respectively, while the length of BSGN6-FloT cells was 2.34 ± 0.17 μm (Fig. 1E). Further analysis shows that although there was no obvious clear difference in cell morphology between the three strains, FloT overexpression in BSGN6-FloT strain caused a decrease in the optical density at 600 nm (OD600) compared with the strains BSGN6-S0 and BSGN6-SPFH (Fig. 1F-I). These results indicate that overexpression of SPFH domains has less effect on cell growth than that of full-length FloT.
3.2. Correlation between FMMs-multi-enzyme complex and enzyme expression
[bookmark: _Hlk22064117][bookmark: _Hlk22064145][bookmark: _Hlk22064171]As shown in Fig. 2A, GlcNAc synthesis in B. subtilis using glucose as carbon source requires glucose internalization and conversion to glucose-6-phosphate (G6P), which is then catalyzed by phosphoglucose isomerase (Pgi) and GlcN-6-phosphate synthase (GlmS) to synthesize fructose-6-phosphate (F6P) and glucosamine-6-phosphate (GlcN6P), respectively. And then, GlcN6P is transformed to N-acetylglucosamine-6-phosphate (GlcNAc6P) by a heterologous GlcNAc-6-phosphate N-acetyltransferase (GNA1), which is a key enzyme for GlcNAc synthesis (Liu et al., 2014). The final synthesis of GlcNAc requires dephosphorylation, however, up to now, no GlcNAc6P de-phosphorase has been identified in B. subtilis. To bridge this gap, we introduced the exogenous E. coli YqaB, which can catalyze the dephosphorylation of GlcNAc6P to produce GlcNAc (Lee and Oh, 2015). 
Based on the above information, herein we expressed GNA1 and YqaB to produce GlcNAc. First, we inserted the fusion fragments SPFH-GNA1 and SPFH-YqaB into the genome to obtain the strain BSGN6-S1, in which GNA1 and YqaB were anchored into FMMs (Fig. 2B). The results indicate that GlcNAc titer of BSGN6-S1 in shake flask was 2.62 ± 0.17g/L, 1.6 times higher than that of control strain BSGN6-C1 (1.62 ± 0.15 g/L) co-expressing GNA1 and YqaB in the cytoplasm (Fig. 2C). Our previous work found that the overexpression of GNA1, especially with high copy plasmids, could significantly improve the titer of GlcNAc (Ma et al., 2019). Therefore, we constructed a recombinant strain BSGN6-S2, in which SPFH-GNA1 was overexpressed using pHT01 plasmid and SPFH-YqaB was expressed by genome integration. However, compared with BSGN6-S1 or BSGN6-C2, the overexpression of SPFH-GNA1 did not increase the GlcNAc titer (Fig. 2D). A possible explanation for this observaction is that most of the overexpressed SPFH-GNA1 was not successfully localized in FMMs, and this unexpected localization obviously obscured the channel or cluster effect induced by FMMs.
[bookmark: OLE_LINK51][bookmark: OLE_LINK52]In order to verify the above-mentioned hypothesis, two recombinant strains BS-TG1 and BS-TG2 were generated, the former expressed FloT-EGFP fusion protein at the basal level, and the latter overexpressed FloT-EGFP using low copy pHT01 plasmid with PlytR promoter. Using VA-TIRFM and single-particle tracking technology, we observed and analyzed the dynamic characteristics of FloT-EGFP between the two strains. As shown in Fig. 2E and F, FloT-EGFP occurred as separate spots at the plasma membrane in BS-TG1, while in BS-TG2, FloT-EGFP existed not only as fluorescent particles, but also as diffuse fluorescent signals. This may be because the large number of FloT-EGFP does not allow the spaces between most of the FloT-EGFP molecules to be detected at optical resolution. Then, the dynamic properties of FloT-EGFP were investigated by determining the lateral mobility of FloT-EGFP and the distribution of diffusion coefficients was plotted on histograms. The diffusion coefficients of FloT-EGFP in BS-TG1 ranged from 2.80 × 10-7 μm2 s-1 to 7.72 × 10-3 μm2 s-1, with an average diffusion coefficient of 4.92 × 10-4 μm2 s-1, while in BS-TG2, the diffusion coefficients ranged from 2.29 × 10-5 μm2 s-1 to 1.55 × 10-1 μm2 s-1, with an average diffusion coefficient of 6.89 × 10-2 μm2 s-1 (Fig. 2G, H). These results suggest that most of FloT-EGFP in BS-TG2 is highly dynamic, which is not consistent with the dynamic characteristics of FMMs (Lv et al., 2020), indicating that overexpressed FloT-EGFP is not accurately located in FMMs, while most likely in the proximal membrane or cytoplasm. These findings support our previous hypothesis that inaccurate localization of overexpressed SPFH-GNA1 obscured the channel or cluster effect induced by FMMs targeting. Therefore, we focused our efforts on how to engineer the bacteria to provide more space for enzyme clustering.
3.3. Rational design and live cell detection of engineered bacteria 
[bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK40]The assembly of FMMs in B. subtilis involves the biosynthesis of constituent lipids in the plasma membrane and their colocalization with scaffold proteins such as FloT (Bramkamp and Lopez, 2015). However, up to now, the molecular structure of the FMMs constituent lipids is yet to be elucidated. Genetic and molecular assays show that the constituent lipids in B. subtilis are probably polyisoprenoid lipids (e.g. C30 terpenoids) (Lopez and Kolter, 2010; Simons and Ikonen, 1997). Because of the important role in the synthesis of C30 terpenoids, YisP has been extensively studied (Feng et al., 2014; Lopez and Kolter, 2010). Through heterologous expression and purification, Lopez and Kolter (2010) found that YisP had enzymatic properties of squalene synthase in vitro and the enzymatic activity can be blocked by zaragozic acid, a competitive inhibitor of squalene synthases. It was also pointed out that YisP can catalyze the formation of farnesol with farnesyl pyrophosphate as a substrate (Feng et al., 2014), and farnesol can be converted into squalene, which is the precursor of cholesterol or its analogues, the essential component of lipid rafts or FMMs (Fig. 3A) (Flint et al., 1997).
Based on these previous findings, we attempted to enhance the expression of YisP with the aim to increase the content of polyisoprenoid lipids. A yisP expression cassette was integrated into the tcyp locus in genome of the original strain BSGN6 (Liu et al., 2014) to obtain the strain BSGN6-Y1, and the BSGN6-Y2 strain was generated by integrating another copy of yisP expression cassette into the yclg locus of BSGN6-Y1 genome. As shown in Fig. 3B, the content of squalene was 1.65 ± 0.22 ng/g in BSGN6-Y1 strain and 3.89 ± 0.16 ng/g in BSGN6-Y2 strain, but almost no squalene was detected by GC-MS in the strain BSGN6. Through the detection of squalene standards, it was found that the baseline of squalene detection was 0.026 ng/mL, indicating that the content of squalene in BSGN6 strain was less than 0.13 ng/g. These results suggest that YisP overexpression can significantly improve the synthesis of squalene (at least 13-30 times that of the original strain). The improvement of squalene synthesis potentially leads to the synthesis and accumulation of polyisoprenoid lipids.
[bookmark: _Hlk22198230][bookmark: OLE_LINK28][bookmark: OLE_LINK41][bookmark: OLE_LINK42]In addition to polyisoprenoid lipids, scaffold proteins are indispensable for FMMs formation and stability (Bramkamp and Lopez, 2015; Good et al., 2011; Langhorst et al., 2005). As a marker domain of scaffold protein, SPFH domain can form stable multimers in Pyrococcus horikoshii (Kuwahara et al., 2009), indicating that the SPFH domain has similar functions than the full-length scaffolds to promote the formation and stability of FMMs. In view of the fact that overexpression of full-length FloT can affect cell growth, and the enzyme anchoring in FMMs is linked by SPFH domains, we chose to enhance the expression of SPFH domain for FMM component engineering. The recombinant plasmid (pP43NMK-SPFH) obtained by inserting the SPFH fragment into pP43NMK plasmid was transferred into BSGN6-Y1 and BSGN6-Y2 strains to generate BSGN6-Y1S and BSGN6-Y2S strains, respectively.
[bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK7]Next, we attempt to analyze the modification effect of FMM components in the above engineering strains. A biophysical hallmark of lipid rafts and FMMs is the high degree of membrane order (Bramkamp and Lopez, 2015; Owen et al., 2011). As a phase-sensitive membrane probe, di-4-ANEPPDHQ has been proved to respond to lipid packing rather than membrane inserted peptides (Dinic et al., 2011; Parasassi et al., 1997). For example, compared to the disordered phase, the emission spectra of di-4-ANEPPDHQ shows an obviously blue-shift in the lipid-ordered phase (Jin et al., 2005), suggesting that this probe could be an appropriate fluorescence marker for the imaging of FMMs in living cells. As shown in Fig. S2, we used a ratio-based method to visualize the lipid components by processing images obtained from different emission waves, in which the disordered phase of lipid is 620-750 nm and the ordered phase of lipid is 500-580 nm (Jin et al., 2005). We found that compared with the control strain BSGN6-S0 (BSGN6 expressing a pP43NMK empty vector), the emission spectra of di-4-ANEPPDHQ exhibited a blue-shift in BSGN6-Y1S and BSGN6-Y2S, and the blue-shift extent in BSGN6-Y2S was the largest. 
[bookmark: _Hlk40102841]In order to quantitatively analyze membrane order, raw photos were converted to GP images, and the HSB images were generated. As shown in Fig. 4A, false colors are set to indicate the different GP values, with a minimum GP value of -0.91 and a maximum of 0.92. the The results suggested that BSGN6-Y2S has the highest membrane order, and BSGN6-S0 has the lowest membrane order, which is similar to that obtained by the ratio-based method. Then, through the statistics and analysis of recorded pixels in each GP value of different regions (the corresponding histograms can be obtained), we finally quantized the GP values. The Gaussian fitted curves on these histograms showed that the peak GP value in BSGN6-S0 was 0.16 with an average GP value of 0.13 ± 0.01, and that of BSGN6-Y1S and BSGN6-Y2S was 0.26 (average GP value: 0.25 ± 0.03, P < 0.01) and 0.32 (average GP value: 0.31 ± 0.01, P < 0.01), respectively (Fig. 4B,C). These results indicate that the plasma membrane lipid-ordered phase of BSGN6-Y1S and BSGN6-Y2S obtained by engineered bacteria was enlarged.
[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: _Hlk29200744]3.4. Effects of FMM component modification on cell growth
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In addition to serving as a platform for protein mooring, lipid rafts are also involved in various cellular processes, including signal transduction, membrane sorting, cell trafficking, cell polarization and host–pathogen relationship (Bramkamp and Lopez, 2015; Owen et al., 2012). Like lipid rafts in eukaryotic cells, FMMs in bacteria also play key roles in cell signaling, protein secretion, and transport (Bramkamp and Lopez, 2015), suggesting that improper modification of FMMs may affect normal cell growth and division of bacteria. Therefore, we focus on the effect of FMM component modification on cell growth of B. subtilis. As shown in Fig. 5A, in the first 40 h of cell culture, compared with the control strain BSGN6-S0, the OD600 of the recombinant strains BSGN6-Y1S and BSGN6-Y2S did not change obviouslyclearly. Scanning electron microscopy analysis shows that there was no obvious significant difference in cell morphology between strains BSGN6-S0 and BSGN6-Y1S (Fig. 5B-D). However, when YisP was further overexpressed in BSGN6-Y2S, the cell morphology changed. First, the cell length increased from 2.14 ± 0.22 μm of BSGN6-S0 and 2.37 ± 0.19 μm of BSGN6-Y1S to 3.38 ± 0.12 μm of BSGN6-Y2S strain (Fig. 5B). Second, compared with the first two strains, some BSGN6-Y2S cells presented some bending phenomena (Fig. 5E). These results suggest that high overexpression of YisP may disrupt cell division or one or more signal transduction pathways involved in cell morphogenesis.
[bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK14][bookmark: OLE_LINK15]Usually, in the late stage of cell culture, with the consumption of nutrients, the change of microenvironment, and the emergence of toxic substances, the phenomenon of cell lysis begins to appear and intensifies continuously (Krige and Nicol, 2015). As shown in Fig.5A, a similar phenomenon does exist in the control strain BSGN6-S0, but interestingly, the OD600 of BSGN6-Y1S and BSGN6-Y2S was distinctly higher than that of BSGN6-S0 with the prolongation of culture time, especially after 50 h. Previous studies suggest that lipid rafts in plant cells dynamically respond to abiotic stress, including salt stress, osmotic stress and so on (Raffaele et al., 2007; Takahashi et al., 2013). Moreover, increasing the expression of sterol biosynthesis genes can significantly improve the heat-tolerant ability of yeast (Caspeta et al., 2014). In addition to eukaryotic cells such as plants and yeasts, in B. subtilis, Bosak et al. (2008) found that sporulenes, molecules structurally similar to sterol, could increase the resistance to reactive oxygen species. Such reports, together with our experimental results, indicates that BSGN6-Y1S and BSGN6-Y2S strains avoid excessive cell lysis in the late stage of culture due to the improvement of cell fitness by FMM component modification.
3.5. Assembly of pathway enzymes based on FMM component modification for increasing GlcNAc synthesis
Based on the results described above, we constructed the SPFH-yqaB fusion gene and integrated it into the strains BSGN6, BSGN6-Y1 and BSGN6-Y2, respectively, to obtain BSGN6-S0Y, BSGN6-Y1SY and BSGN6-Y2SY strains. After that, the recombinant plasmid pP43NMK-SPFH-GNA1 was further transferred into above strain to produce BSGN6-S0AY, BSGN6-Y1SAY and BSGN6-Y2SAY strains, respectively. In order to identify the subcellular localization of the enzymes fused with SPFH, we constructed the recombinant plasmid pP43NMK-SPFH-GNA1-EGFP and transferred it into the strains BSGN6-S0Y, BSGN6-Y1SY and BSGN6-Y2SY in turn to obtain BSGN6-S0AYG, BSGN6-Y1SAYG and BSGN6-Y2SAYG strains, respectively. As shown in Fig. 6A-C, compared with the BSGN6-S0AYG, EGFP fluorescence signals in BSGN6-Y1SAYG and BSGN6-Y2SAYG appeared to have a patchy distribution at the plasma membrane, indicating that the engineered FMMs can well assemble pathway enzymes for GlcNAc synthesis. 
[bookmark: _Hlk32934823][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK56]Next, we tested the ability of the strains BSGN6-S0AY, BSGN6-Y1SAY and BSGN6-Y2SAY to produce GlcNAc in shake flask culture. The concentration of intermediate metabolites including G6P, F6P, GlcN6P and GlcNAc6P in BSGN6-Y1SAY was distinctly lower than that of the control strain BSGN6-S0AY, while the concentration in BSGN6-Y2SAY slightly decreased, compared with BSGN6-S0AY (Fig. 6D-F). After 48 hours of fermentation, the titer of GlcNAc in the strain BSGN6-Y1SAY reached 8.30 ± 0.57 g/L, which was 2.92 times higher than that of the control strain BSGN6-S0AY with a titer of 2.84 ± 0.31 g/L (Fig. 6G). The GlcNAc titer in BSGN6-Y2SAY strain was increased to 4.52 ± 0.51 g/L, which was 1.59 times that of the strain BSGN6-S0AY (Fig. 6G). Based on these results, it can be concluded that the modification of FMM components can effectively promote metabolic flux to GlcNAc synthesis (Fig. 6H, I). The overall GlcNAc titer in this work is lower than in our previous works (Gu et al., 2019; Ma et al., 2019), most likely due to the fact that unlike the higher number of systematic modifications in such previous work, herein only two enzymes (GNA1 and YqaB) were overexpressed, and YqaB is only overexpressed by genome integration. In the future, the developed FMMs engineering strategy can be combined with the other pathway engineering approaches to further improve the bioproduction of GlcNAc. We also investigated the cell growth of different strains, and found that there was no significant difference between BSGN6-Y1SAY and BSGN6-S0AY, but the cell growth of BSGN6-Y2SAY was obviously weaker than that of BSGN6-Y1SAY and BSGN6-S0AY at the early stage of fermentation (Fig. 6H). This suggests that the potential reasons for the lower production of GlcNAc in BSGN6-Y2SAY could be the reduced cell growth and the changes in cell morphology (Fig. 5).
[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK3][bookmark: OLE_LINK4]In addition, the OD600 of BSGN6-S0AY began to decrease distinctly in the later stage of fermentation, especially with the complete consumption of glucose (Fig. 6H, Fig. S3). It has been reported that cell lysis during fermentation affects the efficient production of products (Newton et al., 2016). Due to the complexity of the factors involved in cell lysis, it is very difficult to effectively reduce or avoid this process, associated to a n obvious decrease of OD600 (Krige and Nicol, 2015; Newton et al., 2016). However, Fig. 6 shows that BSGN6-Y1SAY maintained a high OD600 throughout the fermentation process. Through engineering of FMM components, not only the production of GlcNAc was significantly increased, but the cell lysis was effectively reduced, suggesting that the FMMs are ideal biological platforms for the assembly of pathway enzymes in bacteria.
[bookmark: _Hlk29324601]Based on the encouraging results achieved in flask culture, the recombinant strains BSGN6-Y1SAY and BSGN6-S0AY were further used to produce GlcNAc in a 3-L fermenter via fed-batch culture. A total of 700 mL of feeding solution was added to the bioreactor during the culture period, and the maximum GlcNAc of BSGN6-Y1SAY was 18.57 ± 0.79 g/L, while that of the control strain BSGN6-S0AY was only 6.32 ‍ ± ‍0.57 g/L, which further indicated that FMM component modification could significantly improve the GlcNAc titer (Fig. 7A, Fig. S4). The results of OD600 monitoring show that there was no significant difference between BSGN6-Y1SAY and BSGN6-S0AY in the early stage of fermentation, while in the late stage of fermentation, the strain BSGN6-Y1SAY had higher OD600 than that of BSGN6-S0AY (Fig. 7B, Fig. S3). These findings further confirm our hypothesis that FMM component modification does not only enhanced the function and application scope of FMMs-multi-enzyme complex system, but also distinctly improved the fitness of cells in the fermentation process. 
4. Conclusions
[bookmark: _GoBack]In this study, by using combinatorial rational design and visualization analysis, we increased the plasma membrane order degree of B. subtilis. On this basis, by assembling two key enzymes GNA1 and YqaB for GlcNAc synthesis into FMMs with SPFH domain, not only the synthesis of GlcNAc was significantly improved, but also the cell lysis in the later stage of fermentation was remarkably reduced. Overall, these results and findings show that engineering FMM components provides a powerful strategy for improving cell viability as well as bioproduction in microbial cell factories, as demonstrated here for GlcNAc production in B. subtilis. 
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Figure legends
Fig. 1. Effects of overexpression of full-length FloT and SPFH domains on cell growth and morphology. (A-C) Wide field images of strain BSGN6S0 (A), BSGN6-FloT (B), and BSGN6-SPFH (C) under microscope. Bars = 2 μm. (D) Cell length distribution of strains BSGN6-S0, BSGN6-FloT, and BSGN6-SPFH. (E) Histogram of average cell length of strains BSGN6-S0, BSGN6-FloT, and BSGN6-SPFH. (F) OD600 distribution of BSGN6-S0, BSGN6-FloT, and BSGN6-SPFH. (G-I) Scanning electron micrographs of BSGN6-S0 (G), BSGN6-FloT (H), and BSGN6-SPFH (I). Bars = 2 μm.
Fig. 2. Correlation analysis between enzyme expression and FMMs location. (A) Metabolic pathway of GlcNAc synthesis. GNA1: N-acetyltransferase; YqaB: haloacid dehalogenase-like phosphatases; Pgi: phosphoglucose isomerase; GlmS: GlcN-6-phosphate synthase; ptsGHI: the sugar phosphotransferase system (PTS), which is composed of three essential catalytic entities, termed enzyme I, enzyme II and HPr (heat-stable, histidine-phosphorylatable protein); Glc: glucose; G6P: glucose-6-phosphate; F6P: fructose-6-phosphate; GlcN6P: glucosamine-6-phosphate; GlcNAc6P: N-acetylglucosamine-6-phosphate; GlcNAc: N-acetylglucosamine. (B) Sketch map of GNA1 and yqaB distribution in BSGN6-S1 strain. (C) GlcNAc concentration of strains BSGN6-S1 and BSGN6-C1. (D) GlcNAc concentration of strains BSGN6-S2 and BSGN6-C2. (E and F) VA-TIRFM images of BS-TG1 and BS-TG2 strains. Bars = 1 μm. (G) Distribution of the diffusion coefficients of FloT-EGFP in BS-TG1 and BS-TG2 strains. (H) The average diffusion coefficients of FloT-EGFP in BS-TG1 and BS-TG2 strains.

Fig. 3. Analysis of squalene content in different strains. (A) The synthesis pathway of squalene-derived polyisoperenoids in B. subtilis. The green box shows the GA3P and pyruvate circuit and the cyan box shows YisP catalytic reaction. The pink frame shows the synthetic route from farnesol to squalene-derived polyrisoprenoids, which has not yet been fully revealed. (B) Histogram of squalene content in BSGN6, BSGN6-Y1, and BSGN6-Y2 strains.
Fig. 4. Quantitative imaging and analysis of membrane order degrees by GP processing. (A) Confocal images of the di-4-ANEPPDHQ-labelled BSGN6-S0, BSGN6-Y1S, and BSGN6-Y2S strains from the green channel (500-580 nm) and red channel (620-750 nm). The merged images from both channels and the HSB images are also showed. (B) GP histograms of BSGN6-S0, BSGN6-Y1S, and BSGN6-Y2S strains show the number of pixels distributed in each GP value. More than 15,000 pixels were counted in BSGN6-S0 and BSGN6-Y1S, and more than 12,000 pixels were counted in BSGN6-Y2S. (C) Average GP values (GP per pixel) of BSGN6-S0, BSGN6-Y1S, and BSGN6-Y2S strains. The ** indicates P < 0.01 relative to the control strain BSGN6-S0.
Fig. 5. Detection and analysis of the effects of FMM component modification on cell growth of BSGN6-S0, BSGN6-Y1S and BSGN6-Y2S strains. (A) OD600 of strains BSGN6-S0, BSGN6-Y1S and BSGN6-Y2S. The ** indicates P < 0.01 relative to the control strain BSGN6-S0.  (B) The cell length of BSGN6-S0, BSGN6-Y1S and BSGN6-Y2S. (C-E) Scanning electron micrographs of BSGN6-S0 (C), BSGN6-Y1S (D) and BSGN6-Y2S (E). Bars = 2 μm.
Fig. 6. Effect of FMM component modification on the GlcNAc synthesis. (A-C) Fluorescence image of the BSGN6-S0AYG, BSGN6-Y1SAYG and BSGN6-Y2SAYG Strains expressing SPFH-GNA1-EGFP. Bars = 2 μm. (D-F) The concentration of intermediate metabolites including G6P and F6P (D), GlcN6P (E) and GlcNAc6P (F) in BSGN6-S0AY, BSGN6-Y1SAY and BSGN6-Y2SAY. (G) GlcNAc concentration of strains BSGN6-S0AY, BSGN6-Y1SAY and BSGN6-Y2SAY. (H) Cell growth profiles of strains BSGN6-S0AY, BSGN6-Y1SAY and BSGN6-Y2SAY. (I and J) Model diagrams of metabolic flow of GlcNAc synthesis in the strains with (I) and without (J) FMM component modification.
Fig. 7. Production of GlcNAc by BSGN6-S0AY, BSGN6-Y1SAY in a 3-L fermenter. (A) Time course of the GlcNAc production in fed-batch cultivation with control of glucose concentration. (B) Time course of the OD600 in fed-batch cultivation with control of glucose concentration. All data were the average of three independent studies with standard deviations.

















Table and Figures
Table 1. Strains and plasmids used in this study
	Name
	 Characteristics
	 reference

	strains
	
	

	BSGN6
	Bacillus subtilis 168 derivate, Bacillus subtilis 168 ΔnagP ΔgamP ΔgamA ΔnagA ΔnagB Δldh Δpta
	Lab stock

	BSGN6-S0
	BSGN6 derivate, transfer an empty plasmid pP43NMK
	This study

	BSGN6-FloT
	BSGN6 derivate, overexpressing FloT under the control of P43 promoter via the plasmid pP43NMK
	This study

	BSGN6-SPFH
	BSGN6 derivate, overexpressing SPFH under the control of P43 promoter via the plasmid pP43NMK
	This study

	BSGN6-C1
	BSGN6 derivate, expressing GNA1 and YqaB under the control of P43 promoter by genome integration
	This study

	BSGN6-S1
	BSGN6 derivate, expressing SPFH-GNA1 and SPFH-YqaB under the control of P43 promoter by genome integration
	This study

	BSGN6-C2
	BSGN6 derivate, expressing YqaB under the control of P43 promoter by genome integration, and overexpressing GNA1 using the plasmid pP43NMK
	This study

	BSGN6-S2
	BSGN6 derivate, expressing SPFH-YqaB under the control of P43 promoter by genome integration, and overexpressing SPFH-GNA1 using the plasmid pHT01
	This study

	BS-TG1
	expressing FloT-EGFP fusion protein the control of PFloT promoter by genome integration
	This study

	BS-TG2
	expressing FloT-EGFP fusion protein using the plasmid pHT01 with PlytR promoter
	This study

	BSGN6-Y1
	BSGN6 derivate, expressing a copy of yisP gene under the control of P43 
	This study

	BSGN6-Y2
	BSGN6-Y1 derivate, expressing another copy of yisP gene under the control of P43
	This study

	BSGN6-Y1S
	BSGN6-Y1 derivate, overexpression of SPFH under the control of P43 promoter via the plasmid pP43NMK
	This study

	BSGN6-Y2S
	BSGN6-Y2 derivate, overexpression of SPFH under the control of P43 promoter via the plasmid pP43NMK
	This study

	BSGN6-S0Y
	BSGN6-S0 derivate, expressing the SPFH-yqaB under the control of Pveg by genome integration
	This study

	BSGN6-Y1SY
	BSGN6-Y1S derivate, expressing the SPFH-yqaB under the control of Pveg by genome integration
	This study

	BSGN6-Y2SY
	BSGN6-Y2S derivate, expressing the SPFH-yqaB under the control of Pveg by genome integration
	This study

	BSGN6-S0AY
	BSGN6-S0Y derivate, overexpression of SPFH-GNA1 under the control of P43 promoter via the plasmid pP43NMK
	This study

	BSGN6-Y1SAY
	BSGN6-Y1SY derivate, overexpression of SPFH-GNA1 under the control of P43 promoter via the plasmid pP43NMK
	This study

	BSGN6-Y2SAY
	BSGN6-Y2SY derivate, overexpression of SPFH-GNA1 under the control of P43 promoter via the plasmid pP43NMK
	This study

	BSGN6-S0AYG
	BSGN6-S0Y derivate, overexpression of SPFH-GNA1-EGFP under the control of P43 promoter via the plasmid pP43NMK
	This study

	BSGN6-Y1SAYG
	BSGN6-Y1SY derivate, overexpression of SPFH-GNA1-EGFP under the control of P43 promoter via the plasmid pP43NMK
	This study

	BSGN6-Y2SAYG
	BSGN6-Y2SY derivate, overexpression of SPFH-GNA1-EGFP under the control of P43 promoter via the plasmid pP43NMK
	This study

	Plasmids
	
	

	pP43NMK
	AMP, Kana, E. coli-B.subtilis shuttle vector
	Lab stock

	pHT01
	AMP, CmR, E. coli-B. subtilis shuttle vector
	Lab stock
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(Fig. 2)
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(Fig. 3)
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(Fig. 4)
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(Fig. 5)
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(Fig. 6)
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