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ABSTRACT
[bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK6][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK7][bookmark: OLE_LINK9][bookmark: _Hlk21173946][bookmark: _Hlk21174339][bookmark: _Hlk21174043]The anchoring of metabolic pathway enzymes to spatial scaffolds can significantly improve their reaction efficiency. Here, we successfully constructed a multi-enzyme complex assembly system able to enhance bioproduction in bacteria by using the endogenous spatial scaffolds─functional membrane microdomains (FMMs). First, using VA-TIRFM and SPT analysis, we reveal that FMMs possess high temporal and spatial stability at the plasma membrane and can be used as endogenous spatial scaffolds to organize enzyme pathways. Then, taking the synthesis of N-acetylglucosamine (GlcNAc) in Bacillus subtilis as a proof-of-concept demonstration, we found that anchoring of various enzymes required for GlcNAc synthesis onto FMMs to obtain the FMMs-multi-enzyme complex system resulted in a significant increase in GlcNAc titer and an effectively alleviate in cell lysis at the later stage of fermentation compared to that in control strains expressing the related enzymes in the cytoplasm. Combining with metabolic model and kinetics analysis, the existence of a constructed substrate channel that maximizes the reaction efficiency is verified. In summary, we propose a novel metabolic pathway assembly model which allowed improved titers and compartmentalized flux control with high spatial resolution in bacterial metabolism.
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1. Introduction
[bookmark: OLE_LINK36]Metabolic engineering aims to enhance the production of native metabolites or to endow cells with the ability to produce new products by rewiring the metabolism of cells (Nielsen and Keasling, 2016), and various strategies have been proposed and developed to achieve this aim (Lee and Oh, 2015; Österlund et al., 2013). For example, Na et al. (2013) designed synthetic sRNAs to identify and modulate the expression of target genes for metabolic engineering in Escherichia coli, and Avalos et al. (2013) found that compartmentalization of the Ehrlich pathway into yeast mitochondria could significantly improve isobutanol production. In recent years, the spatial assembly of multiple pathway enzymes on a scaffold structure to balance intracellular metabolism and increase pathway efficiency by reducing substrate loss and preventing accumulation of toxic intermediates has attracted increasing attention (Dueber et al., 2009; Tippmann et al., 2016). Enzyme copolymerization can reportedly form metabolic channels (Castellana et al., 2014), and spatial scaffolds are beneficial to the assembly and accumulation of enzymes (Dueber et al., 2009), suggesting that these scaffolds can promote the formation of metabolic channels, which can improve the production of biochemicals of interest.
To date, there are mainly three kinds of spatial scaffolds for assembling enzymes, including protein scaffolds, RNA scaffolds, and DNA scaffolds. For instances, Dueber et al. (2009) built synthetic protein scaffolds that could spatially recruit metabolic enzymes in ad hoc based on the interaction domains from metazoan signaling proteins. Through fusing the hydrogenase to a single copy of PP7 (HP) and ferredoxin to a dimer of MS2 (FM), Delebecque et al. (2011) revealed that RNA scaffolds can be used to organize enzymatic pathways in vivo to increase output. Later, Conrado et al. (2012) described the use of plasmid DNA as a scaffold, and found that the titers of diverse metabolic products, including resveratrol, 1,2-propanediol and mevalonate were increased as a function of the DNA scaffold. In recent years, researchers have constructed different types of spatial scaffolds through various strategies to improve product synthesis, including “shell-protein” scaffolds (Lee et al., 2018), “Tat-thylakoid membrane” scaffords (Ramos et al., 2017), lipid-containing scaffolds (Myhrvold et al., 2016), “lipid droplet membrane” scaffords (Lin et al., 2017), etc. However, up to now, no strategy has been found to directly assemble enzymes using the specific structure of cell plasma membrane as a space scaffold, which will greatly facilitate the intracellular and extracellular transport of substrates and products.
[bookmark: OLE_LINK18][bookmark: OLE_LINK1][bookmark: OLE_LINK2]In eukaryotic cells, an interesting concept in the organization of cellular membranes is the proposed existence of lipid rafts or membrane rafts, which are enriched in particular lipids such as cholesterol, and are important for the functionality of diverse cellular processes (Lingwood and Simons, 2010). Lipid rafts regionalize the plasma membrane and provide a natural docking platform for almost all kinds of proteins (Staubach and Hanisch, 2011). Recently, it was discovered that functional membrane microdomains (FMMs), which are equivalent to the lipid rafts of eukaryotic cells (Lopez, 2015), are widely distributed in bacteria and involved in many cellular processes including signal transduction, protein secretion, and transport processes. Assembly of FMMs involves the biosynthesis of polyisoprenoid lipids in the membrane and their colocalization with conserved scaffolding proteins such as flotillin-like proteins and HflK/C (Bramkamp and Lopez, 2015). These scaffolding proteins play essential roles in organizing and maintaining the correct architecture of the FMMs (Bach and Bramkamp, 2013). More importantly, scaffolding proteins also play an important role in recruiting other proteins to lipid rafts (Wakasugi et al., 2004). Based on the above findings, we hypothesize that pathway enzymes could be assembled onto FMMs by scaffolding proteins to construct artificial metabolic channels for the highly efficient synthesis of desired products.
 As a nonpathogenic, endotoxin-free, and GRAS status bacterium, Bacillus subtilis is widely used as a platform to produce industrially important biochemicals and pharmaceutically useful compounds (Choi et al., 2014). Purification of detergent-resistant membrane (DRM) fractions (considered as lipid raft fractions) from B. subtilis membranes and analysis of their protein composition showed that the DRM fraction was enriched with two uncharacterized membrane proteins, YuaG (renamed FloT) and YfqA (renamed FloA), which are homologues of the flotillin proteins in eukaryotic cells (Zhang et al., 2005). Moreover, both FloA and FloT contain a highly conserved stomatin-prohibitin-flotillin-HflC/K (SPFH) domain specific to scaffolding proteins, and act as scaffold proteins to activate the raft-associated signaling pathways more efficiently (Lopez and Kolter, 2010). For these reasons, we hypothesize that FloA and FloT could be engineered and used as novel scaffolding proteins to generate synthetic enzyme complexes on FMMs in the industrially relevant bacteria B. subtilis.
In this study, combined with various single molecules and visualization techniques, we revealed that FMMs have high temporal and spatial stability at the plasma membrane and can be used as a spatial scaffold to construct a FMMs-multi-enzyme complex system by using scaffold proteins or the SPFH domain. Then, exemplified by the synthesis of industrially relevant nutraceutical N-acetylglucosamine (GlcNAc) in B. subtilis, we investigated the universality of the FMMs-multi-enzyme complex system to improve metabolic pathway efficiency. We found that sequential assembly of two, three, and four enzymes required for GlcNAc synthesis onto FMMs could result in a stepwise increase in GlcNAc production. Finally, by combining metabolic model and kinetics analysis, we confirmed the existence of substrate channels in the FMMs-multi-enzyme complex system. Our results provide a novel approach to construct artificial metabolic channels by spatial assembly of pathway enzymes, which may be used as a generalized strategy for compartmentalized flux control in bacteria, with better spatial resolution and improved pathway efficiency.
2. Materials and methods
2.1. Strains and plasmids
All strains including the genotypes of the constructed and engineered strains and plasmids used in this study are listed in Table 1. Engineered B. subtilis strains were derived from BSGN6 , in which gamA, nagA, nagB, nagP, gamP, ldh, and pta were deleted. 
2.2. Culture media, chemicals, and conditions
All strains were grown on LB agar plates or in Luria–Bertani (LB) medium at 37°C for genetic experiments. Cultivation for shake flask experiments was completed in complex media containing 6 g L-1 tryptone, 12 g L-1 yeast extract, 12.5 g L-1 K2HPO4∙3H2O, 6 g L-1 (NH4)2SO4, 2.5 g L-1 KH2PO4, 10 mL L-1 of trace metal solution, and 60 g L-1 glucose. Among them, the trace metal solution contained 4.0 g L-1 CaCl2, 4.0 g L-1 FeSO4∙7H2O, 1.0 g L-1 MnSO4∙5H2O, 0.4 g L-1 CoCl2∙6H2O, 0.2 g L-1 ZnSO4∙7H2O, 0.2 g L-1 NaMoO4∙2H2O, 0.1 g L-1 CuCl2∙H2O, 0.1 g L-1 AlCl3∙6H2O, and 0.05 g L-1 H3BO4. The appropriate antibiotics were added to the medium as follows: zeocin (Zeo, 30 μg mL-1), ampicillin (Amp, 100 μg mL-1), kanamycin (Kana, 20 μg mL-1), or chloramphenicol (CmR, 5 μg mL-1). All chemicals were purchased from Sangon Biotech Co., Ltd. unless otherwise indicated.
2.3. Construction of recombinant strains
FloA, FloT, SPFH domain, and flotillin domain were visualized as FloA-EGFP, FloT-EGFP, SPFH(domain)-EGFP/mGFP, free-mGFP, and flotillin(domain)-EGFP fusion protein expressed at the original locus. All the fragments, including the upstream sequences, the target gene sequences, the lox71–zeo/CmR–lox66 cassettes, and downstream sequences were joined using fusion PCR. The purified PCR products were used to transform competent B. subtilis cells and zeo or CmR transformants were selected. The resistance marker from the host strain was evicted with the Cre/lox system. The final strains AG1 (FloA-EGFP), TG1 (FloT-EGFP), SG1 (SPFH(domain)-EGFP), SM1 (SPFH(domain)-mGFP), SM2 (free-mGFP), and FG1 (flotillin(domain)-EGFP) were obtained.
According to the above method, fusion genes of floA-GNA1, floT-glmS, SPFH-pgi and SPFH-yqaB and the corresponding controls were integrated and expressed with the native (PfloA, PfloT, Ppgi) or P43 strong constitutive promoter. A fusion protein linker (GGGGS)3 was added between floA/floT/SPFH and target protein (enzyme). The P43 promoter sequence was amplified from pP43NMK. The fragments were joined using fusion PCR; the purified PCR products were used to transform competent B. subtilis cells and zeo or CmR 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 expression. 
On the basis of the above work, fusion fragments GNA1-EGFP, FloA-GNA1-EGFP, GlmS-EGFP, FloT-GlmS-EGFP, Pgi-EGFP, SPFH-Pgi-EGFP, YqaB-EGFP, SPFH-YqaB-EGFP were further obtained using the similar method, and were then transformed into B. subtilis cells to obtain the strain AG2, AG3, TG2, TG3, SG2, SG3, SG4, SG5 in turn.
The fusion fragments of his-GNA1, his-FloA-GNA1, his-GlmS, his-FloT-GlmS, his-Pgi, his-SPFH-Pgi, his-YqaB, and his-SPFH-YqaB were inserted into the low-copy plasmid pHT01 using Gibson assembly and transformed into B. subtilis to obtain the strain BSG-WB1, BSG-WB2, BSG-WB3, BSG-WB4, BSG-WB5, BSG-WB6, BSG-WB7 and BSG-WB8, respectively. 
2.4. Image analysis and fluorescence measurements
BiFC was performed on a Leica TCS SP8 microscope fitted with a 63 × oil-immersion objective. The complete YFP fluorescent protein was splitted into two non-fluorescent fragments: the N-terminal 1–185 amino acid residues, called nYFP, and C-terminal 186–250 amino acid residues, named cYFP. According to the experimental requirements, nYFP and cYFP were fused with floA, floT or SPFH fragments, respectively. Then two fusion fragments containing nYFP and cYFP were inserted into pP43NMK plasmid through Gibson assembly. The samples were excited using the 488-nm laser line of an argon ion laser line of a He–Ne laser. Fluorescence emissions were detected with spectral detector sets BP 520–555. Image analysis was carried out on the Leica TCS SP8 software package, and ImageJ software (NIH).
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]For kymograph, films were acquired over a time frame of 30 s. Single images from Z-stacks of each time point were combined into stacks and transformed into Z-projects with maximal intensities in ImageJ. All Z-project images were again combined into a stack and corrected for eventual lateral shift of the sample via the ImageJ plugin multiplekymograph.
For FRET, according to the experimental requirements, CFP and YFP were fused with floA, floT or SPFH fragments respectively. Then the fusion fragments FloA-CFP and FloT-YFP were inserted into a same pP43NMK plasmid through Gibson assembly to obtain the recombinant plasmid pP43NMK-FloA-CFP/FloT-YFP. Using similar methods, the plasmids pP43NMK-SPFH-CFP/FloT-YFP, pP43NMK-SPFH-CFP/SPFH’-YFP, and pP43NMK-CFP/YFP were obtained. The cells were excited using the 440-nm laser line of an argon ion laser line of a He–Ne laser. Fluorescence emissions were detected with spectral detector sets BP 465–480 for CFP and BP 530-545 for YFP. Image analysis was carried out on the Leica TCS SP8 software package and ImageJ software (NIH).
For fluorescence intensity analysis, all the images of free-mGFP and SPFH(domain)-EGFP were obtained by VA-TIRFM, and were analyzed using ImageJ under the same conditions. For analysis of single-particle fluorescence intensity in living cells, the background fluorescence was first subtracted by using the rolling ball method in Image J software. Then, we selected the brightest pixel of each fluorescent spot within a diffraction limited size (3 × 3 pixels) as the central position and enclosed 3 × 3 pixel squares as regions of interest (ROIs). The fluorescence intensity profiles were generated using ROI Multi Measure Plugin of Image J, and a maximum intensity for the ROI was recorded. All the three-dimensional luminance plots were constructed via the ImageJ plugin “Interactive 3D surface plot”.

2.5. VA-TIRFM and fluorescence image analysis
In all the strains used for VA-TIRFM observation, the EGFP fusion gene fragment was integrated into the genome. Cells were mounted on a glass slide through agarose as an intermediate and observed under a VA-TIRFM (Olivo-Marin, 2002) equipped with a 100× oil-immersion objective (numerical aperture = 1.45, Olympus). EGFP-labeled proteins were excited with 488-nm lasers from a diode laser (Changchun New Industries Optoelectronics Technology). The emission fluorescence was obtained with a filter (BA510IF (525/50) for EGFP. For the analysis of VA-TIRFM images, pseudo-colors were added. The fluorescence signals were detected by a back-illuminated EMCCD camera (ANDOR iXon DV8897D-CS0-VP, Andor Technology, Belfast, UK). Images were acquired with 200 ms or 300 ms exposure times. Single-particle tracking was accomplished using spatial and temporal global particle assignment, as described in detail (Jaqaman et al., 2008), and only tracks with lengths of more than 5 frames were kept for further analysis. For each trajectory, the mean square displacement (MSD) was computed from the formula: 

where n = t/, L is the length of the trajectory (number of frames) 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). To determine the diffusion coefficient from a trajectory, a line was fit to the MSD with n running from 1 to the largest integer less than or equal to L/4 (L is the length of the trajectory) (Saxton., 1997).
2.6. Western blotting and enzyme activity detection
GNA1, FloA-GNA1, GlmS, FloT-GlmS, Pgi, SPFH-Pgi, YqaB, and SPFH-YqaB were expressed as N-terminal (His)6-tagged proteins under the PlytR promoter with the plasmid pHT01 in B. subtilis. In brief, B. subtilis cells harboring the above plasmid were respectively cultured at 37 oC for 18 h in the fermentation medium supplemented with 5 μg/mL chloramphenicol and cells were harvested by centrifugation (8,000 × g for 10 min, 4 oC). Then, cells were washed twice with 100mM Tris-HCl (pH 7.4) and disrupted with ultrasonic oscillation (VCX750, SONICS, CT, U.S.A.). Cell debris was removed by centrifugation (10,000 × g for 10 min, 4 oC).
For western blotting, proteins were separated on a 10% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane was blotted with an anti-His antibody. Signals were visualized using the ECL Chemiluminescence X-ray Imaging.
For enzyme activity detection, the GlmS activity and GNA1 activity were measured as previously described (Badet et al., 1987; Mio et al., 1999). One unit of GlmS activity was defined as the amount of enzyme that produced 1 nmol of GlcN-6-P per min under the assay conditions, and one unit GNA1 activity was defined as the amount of enzyme that produced 1 nmol of coenzyme A per min under the assay conditions. The activity of Pgi was measured spectrophotometrically under thermostatically controlled condition (37 oC) at 340 nm using a UV-2450 spectrophotometer (Shimadzu Corporation, Japan), and assay conditions were as follows: 100 mM Tris-HCl (pH 7.4), 10 mM MgCl2, 0.5mM NADP+, 1 U glucose-6-phosphate dehydrogenase and 2 mM Frucose-6-P (Siddiquee et al., 2004). In this assay procedure, all compounds were pipetted into a cuvette with a 1 cm light path and reactions initiated by adding the enzyme Pgi to give a final volume of 1 mL, and the millimolar extinction coefficient for NADPH was 6.22 cm-1 mM-1. One unit Pgi activity was defined as the amount of enzyme that produced 1 nmol of NADPH per min under the assay conditions. YqaB activity was assayed by measuring the generation of inorganic phosphate using the Malachite Green reagent as previously described (Geladopoulos et al., 1991). In the assay procedure, the reaction is initiated by adding the enzyme YqaB to the mixtures of 100 mM Tris-HCl (pH 7.4), 10mM MgCl2 and 10mM GlcNAc-6-P to give a final volume of 200 ul. The reaction mixture was incubated at 37 oC for 10 min, and stopped by adding 25 ul of 1.5 M trichloroacetic acid. Then, the generation of inorganic phosphate was determined by the Malachite Green reagent. One unit YqaB activity was defined as the amount of enzyme that produced 1 nmol of phosphate per min under the assay conditions.
2.7. B. subtilis transformation
DNA constructs were generated using the standard protocols described by Sambrook and Russell (Sambrook and Russell, 2001) and gene fragments and plasmids were assembled seamlessly using Gibson. Bacillus subtilis transformation was performed using electroporation. The modified DNA fragments and plasmids were sequenced by Sangon Biotech Co., Ltd.
2.8. Shake flask culture of the engineered B. subtilis
A single colony of the engineered B. subtilis strain was grown in 20 mL LB medium at 37°C and 220 rpm for 10 h in 250 mL shake flasks. A seed culture (2.5 mL) was inoculated into a 500 mL flask containing 50 mL of fermentation medium and grown at 37°C and 220 rpm for 36 h, and 0.6 mL of cell suspension was sampled every 6 h for OD600, residual glucose measurements and GlcNAc measurement. 
2.9. Quantification of GlcNAc, glucose and cell density
The GlcNAc concentrations 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. The glucose concentration in the medium was measured using a glucose-glutamate analyzer (SBA-40C; Biology Institute of Shandong Academy of Sciences). Cell densities were monitored by measuring the optical density at 600 nm (OD600). The OD600 value was converted to dry cell weight (DCW) according to the equation 1 OD600 = 0.35 g L-1. 
2.10. Monitoring of metabolite dynamics
[bookmark: _Hlk22240455]First, cells were cultivated in LB medium to OD600 = 1. Then, cells were harvested via centrifugation (4,500 × g, 5 min) and resuspended in M9 medium without glucose at 37°C twice to remove most of the metabolites. After diluting the cells to OD600 = 1 using M9 medium without glucose, the cells were incubated at 37°C with magnetic stirring at 450 rpm for 120 minutes. Next, glucose was added to the reaction system to a final concentration of 2 g L−1 at t = 0. During the reaction, acetonitrile/methanol/H2O (40:40:20) solution was used to quench and extract sampled whole-cell broth including the intracellular and extracellular concentrations. After determining the total metabolite concentration for overnight and freeze-dried samples, samples were resuspended in water and centrifuged (10,000 × g, 15 min) before measuring the intracellular metabolite concentration. UHPLC-MS/MS was performed to detect the metabolites (Fig. S1). 
For liquid chromatography, Waters Acquity UHPLC system (Waters Corporation) equipped with ACQUITY UPLC BEH Amide column (1.7 µm, 2.1 mm × 150 mm, Waters Corporation) was used. The temperature of the column oven was 30°C and the injection volume of all samples was 10 μL. Mobile phase A was 95% acetonitrile and 5% water with 10 mM ammonium bicarbonate. Mobile phase B was water with 10 mM ammonium carbonate and 0.2% ammonium hydroxide (final pH = 10.4). The gradients were: 0 min 10% B; 2 min 10% B; 3 min 45% B; 8 min 48% B; 8.1 min 60% B; 11 min 60% B; 11.5 min 10% B; and 18 min 10% B. The flow rate of the entire process was 0.2 ml/min. For mass spectrometry, the Thermo TSQ Quantum Ultra triple quadrupole instrument (Thermo Fisher Scientific) with a heated electrospray ionization source (Thermo Fisher Scientific) was used. The mass spectrometer was operated in negative mode and the electrospray ionization parameters were optimized as follows: spray voltage 2600 V, sheath gas pressure 35 arbitrary units, ion sweep gas pressure 0 arbitrary units, auxiliary gas pressure 15 arbitrary units, capillary temperature 350°C. The fragment ions, tube lens voltage, and collision energy for four intermediates were optimized individually (Table S2). 
2.11. Kinetic model simulation
MATLAB R2018a was used to construct the kinetic models and perform all dynamic simulations. In the absence of metabolic channels, the enzymatic reaction of intermediate metabolites is described by the Michaelis–Menten equation. x1–x6 represent concentrations of Glc, G6P, F6P, GlcN6P, GlcNAc6P, and GlcNAc, respectively, whereas v1–v5 represent the reaction rate for each step of the enzymatic reaction. The Km parameters of all enzymes were randomly sampled between 0.5 and 1.5, resulting in an average Km of 1 to ensure that there was no limit to the reaction in the pathway, and that all maximal reaction rates (vmax) are shown as follows:

The reaction rates of corresponding enzymes are as follows (since glucose is supersaturated extracellularly, v(1) is considered to be constant equal to v(1)max).





The differential equations used to calculate intracellular metabolites are as follows:





Concentrations of metabolites, Km, and vmax are arbitrary units. For the simulation of substrate channel, we consider the steps from G6P to GlcNAc6P as one step of the enzymatic reaction described by Michaelis–Menten equation. Simultaneously, cases when each intermediate metabolite in the substrate channel leaked 20%, 50%, and 80% outside the substrate channel were also simulated. Intermediate metabolites that leaked out of the substrate channel continue the enzymatic reaction in the absence of substrate channels, but the vmax is only 50% that of the original maximal reaction rates to qualitatively simulate the small amount of enzyme that have no spatial effect in the cytosol. All reaction rates of the corresponding enzymes are as follows.





The a, b, c, d were set as the leakage rate of the enzymatic reaction in the substrate channel respectively (Fig. S2), and the differential equations that were used to calculate intracellular metabolites when substrate channel is present are as follows:





3. Results
3.1. Distribution and dynamic behavior of FMMs at the plasma membrane
To gain insight into the stability and behavior of FMMs in vivo, we generated recombinant strain (named TG1) expressing a C-terminal enhanced green fluorescent protein (EGFP) fused to scaffolding protein FloT under the control of the FloT native promoter. Fluorescence microscopy showed that FloT-EGFP was mainly targeted to the plasma membrane and showed discontinuous labeling (Fig. 1A), which was similar to the localization of lipid raft marker proteins in eukaryotic cells (Raffaele et al., 2009; Lv et al., 2017). Then, using variable-angle total internal reflection fluorescence microscopy (VA-TIRFM), which allows us to image the plasma membrane with the cell wall outside to reveal heterogeneities or physical effects usually hidden in the ensemble average at high resolution and signal-to-noise ratio, we monitored the in vivo dynamics of FMMs labeled with FloT-EGFP. The results showed that FloT-EGFP fluorescence occurred as discreet spots with almost constant fluorescence, instead of distributing uniformly at the plasma membrane (Fig. 1B-D and Movie S1). Further analysis of time-series images and three-dimensional luminance plots showed that the FloT–EGFP fluorescent spots stably remained at the plasma membrane during the whole observation period (Fig. 1E,F). The results are further supported by parallel experiments using kymograph (Fig. 1G), a technique based on space-time segmentation allowing better use of spatiotemporal information compared to the static frame-by-frame tracking methods (Smal et al., 2010).
Moreover, we studied the dynamic properties of FMMs in more detail using single-particle tracking (SPT) in continuous mode and found that all the FMMs showed a measurable but highly restricted range of movement within the range of 0.20 μm × 0.20 μm (Fig. 1H). Then, the dynamic properties of FMMs were investigated by determining the lateral mobility of FloT-EGFP using a linear fit of mean square displacement (MSD) versus time plots and the distribution of diffusion coefficients was plotted on histograms.  Meanwhile, to obtain a readout for the stability of the stage, some fluorescent beads that can be tracked in parallel were added (Fig. S3). As shown in Fig. 1I, we found that most of the diffusion coefficients of beads ranged from 2.66 × 10-7 μm2 s-1 to 1.33 × 10-4 μm2 s-1, and the diffusion coefficients of about 80% FloT-EGFP fluorescent particles ranged from 4.37 × 10-5 μm2 s-1 to 1.09 × 10-2 μm2 s-1, with an average diffusion coefficient of 1.82 × 10-3 μm2 s-1, which is much bigger than that of the beads, but much smaller than that of lipid rafts reported in eukaryotic cells (Chang and Rosenthal, 2012; Li et al., 2012), suggesting that the movement of FMMs is highly restricted at the plasma membrane. All these results indicated that the observed FMMs represented stable structures with lateral and temporal stability, and could thus serve as stable spatial scaffolds for assembling pathway enzymes.
3.2. Correlation analysis and domain function detection of scaffolding proteins
[bookmark: _Hlk23337482]As another flotillin-like protein, FloA was found to colocalize with FloT in the same membrane regions (Lopez and Kolter, 2010), implying that, similar to FloT, FloA might also act as a ligand between enzymes and FMMs scaffolds. To verify the above conjecture, the recombinant strain AG1 expressing FloA-EGFP was constructed and the fluorescent signal of FloA-EGFP mainly distributed on the plasma membrane (Fig. S4). Combining with VA-TIRFM and SPT analysis, we found that FloA could stably exist at the plasma membrane throughout the observation period (Fig. 2A), and had similar kinetic characteristics as FloT, including diffusion coefficient, motion range and path (Fig. 2B-D). Furthermore, a rapid, efficient, and convenient tool defined as bimolecular fluorescence complementation (BiFC) (Lai and Chiang, 2013) was used to further clarify the correlation between FloA and FloT, the strong yellow fluorescence signals could be detected by laser scanning confocal microscopy (LSCM) in the strain co-expressing FloA-nYFP and FloT-cYFP (Fig. S5), suggesting that FloA and FloT can form heterologous oligomers. All the observations indicated that FloA and FloT at the plasma membrane could be found in the same FMMs, and so, both of them could be selected as the skeleton of subsequent multi-enzyme complexes.
It is known that flotillin-like scaffold proteins generally consist of two domains, the N-terminal SPFH domain and the C-terminal flotillin domain (Bramkamp and Lopez, 2015). To identify the domain responsible for protein localization, the sequence of FloT was divided into the SPFH domain (1-220 aa) and flotillin domain (221-510 aa) by bioinformatics analysis. Further observations revealed that the signal of SPFH (domain)-EGFP was mainly located at the plasma membrane as fluorescent particles in the strain SG1(Fig. 2E and Fig. S6), similar to that of full length FloT (Fig. 1A). However, the EGFP fluorescence signal of Flotillin(domain) in the strain FG1 was evenly distributed in the cytoplasm or perimembranous region (Fig. 2E and Fig. S6), suggesting that just the SPFH domain of FloT is responsible for protein localization to FMMs. In addition, we tried to reveal the existence mode of SPFH in FMMs by fluorescence intensity analysis. First, in order to prevent EGFP from forming dimer, we mutated the 206th alanine of EGFP into lysine to obtain mGFP (Song et al., 2017). The fluorescence intensity of SPFH (domain)-mGFP in the strain SM1 was mainly in the range of 18,000-43,000 counts (n = 98), which was significantly higher than that of the control SM2 cells expressing free-mGFP (2,100-5,500 counts, n = 64) (Fig. 2F,G). It means that SPFH exists in FMMs in the form of polymers, indicating that SPFH can be used as a link between enzymes and FMMs.
3.3. Design and construction of the FMMs-multi-enzyme complex system
[bookmark: _Hlk19819721]GlcNAc, a precursor of glycosaminoglycan building blocks including hyaluronic acid and chondroitin sulfate in the human body, has been widely used in the food, cosmetics, and pharmaceutical industries, especially its proven efficacy for osteoarthritis treatment (Chen et al., 2010). GlcNAc synthesis by B. subtilis using glucose as carbon source includes the following steps: first, glucose is internalized and converted into glucose-6-phosphate (G6P), which is further converted into fructose-6-phosphate (F6P) and glucosamine-6-phosphate (GlcN6P) by phosphoglucose isomerase (Pgi) and GlcN-6-phosphate synthase (GlmS), respectively. And then, GlcN-6P is transformed to N-acetylglucosamine-6-phosphate (GlcNAc6P) with acetyl-CoA by a heterologous GlcNAc-6-phosphate N-acetyltransferase (GNA1) (Liu et al., 2013). The final synthesis of GlcNAc requires dephosphorylation, however, there is no report of GlcNAc6P dephosphorase in B. subtilis so far. To bridge this gap, we introduced an exogenous YqaB from E. coli, which can participate in the process of GlcNAc6P dephosphorylation to produce GlcNAc in yeast (Lee and Oh, 2015) (Fig. 3A). In addition, visual observation showed that GNA1, GlmS, Pgi, and YqaB were free in the cytoplasm of the strains AG2, TG2, SG2 and SG4, respectively (Fig. 3B).
To construct the complete GlcNAc synthetic pathway and explore how FMMs scaffolds may improve the GlcNAc synthesis efficiency, GNA1 from Caenorhabditis elegans was fused with floA (Fig. 3C), and integrated into the genome of BSGN6, a B. subtilis 168 derivate with deletion of nagP, gamP, gamA, nagA, nagB, ldh, and pta genes, to obtain the strain BSG-FMM1 (Fig. 3D). These genes are involved in the catabolic metabolism of GlcNAc (e.g. nagP, gamP, gamA, nagA and nagB genes) and the synthesis of by-products such as acetic acid and lactic acid (e.g. pta and ldh genes) (Liu et al., 2014). Visual observation showed that the fusion of SPFH-GNA1 can well guide GNA1 onto FMMs (Fig. 3E), and a control strain BSG-C1 expressing free GNA1 protein was also generated (Fig. S7). Shake flask cultures in complex medium showed that the GlcNAc titer of BSG-FMM1 was 3.12 ± 0.16 g/L, almost 1.8-fold that of the control strain BSG-C1 (expressing free GNA1) at 1.74 ± 0.09 g/L (Fig. 3F) without significant difference in cell growth and glucose consumption (Fig. 3G,H; P = 0.81). Meanwhile, we examined the effect of FloA fusion on the expression and crude enzyme activity of GNA1, and found that compared with BSG-WB1 strain, the expression of GNA1 in BSG-WB2 strain was significantly decreased, and the activity of FloA-GNA1 decreased by 4.6 times (Fig. S8 and Fig. S9A,B), suggesting that the increase in production is not due to an increase on expression or activity of the fused gene.
[bookmark: _GoBack]We further attempted to anchor the other enzymes of the GlcNAc synthesis pathway onto FMMs through by fusing enzymes with scaffolding protein or SPFH domains (Fig. 4A-E). First, the effects of scaffolding protein or SPFH domain fusion on the expression and enzyme activity were also examined, and the results showed that FloT fusion had no significant effect on the expression of GlmS, while SPFH fusion significantly inhibited the expression of Pgi and YqaB (Fig. S9C,D). In relation to the enzyme activity, we found that the activity of FloT-GlmS, SPFH-Pgi and SPFH-YqaB decreased by 1.3, 2.5 and 26.7 times, respectively, compared with those of non-fused enzymes (Fig. S10). Based on the above results, shake flask fermentation was then carried out. As shown in Fig. 4F,G and Fig. S11, with similar growth state and glucose consumption, the GlcNAc titer of BSG-FMM2 was almost 1.9-fold at 3.80 ± 0.11 g/L compared with 1.96 ± 0.19 g/L of the BSG-C2. Further immobilization of Pgi by in-situ substitution (Pgi was replaced by SPFH-Pgi) to obtain the strain BSG-FMM3 further significantly increased the GlcNAc titer to 4.78 ± 0.46 g/L (Fig. 4H, P = 0.001). When YqaB was further anchored to the FMMs, a more significant increase (P = 0.002) in the synthesis of GlcNAc with a titer of 5.91 ± 0.14 g/L (2.7-fold that of the control strain BSG-C2, in which GNA1, GlmS, Pgi, YqaB were expressed freely in the cytoplasm) was observed in the strain BSG-FMM4 (Fig. 4J). The results of anchoring Pgi and YqaB to FMMs with the same SPFH domains imply that the effect of enzyme fusion with one scaffold protein or SPFH domain was similar to or even better than that with different proteins/domains. It is noteworthy that compared with the corresponding control strains, in the late fermentation stage, the cell growth of BSG-FMM3 and BSG-FMM4 was not inhibited, but higher than that in the control group (Fig. 4I,K). In addition, we found that Fluorescence Resonance Energy Transfer (FRET) phenomenon can occur between FloA and FloT, FloT and SPFH, as well as between two SPFH (Fig. S12), indicating that FloA, FloT and SPFH can guarantee that the proteins or enzymes are close to each other in vivo. Therefore, these results indicate that the close proximity of the enzymes of the pathway is the reason why our FMMs-multienzyme complex system can significantly increase the GlcNAc titer, which may suggest the formation of substrate channels.
[bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK32][bookmark: OLE_LINK33]3.4. Characterization of the substrate channel by kinetics model and metabolite dynamics
[bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK54][bookmark: OLE_LINK55][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK52][bookmark: OLE_LINK53]In order to validate our hypothesis that a substrate channel exists in the FMMs-multi-enzyme complex system, we constructed a kinetic model and determined the dynamic flux distribution of metabolic intermediate. First, we constructed a kinetic model of intermediate metabolite dynamics in the absence of a substrate channel of the GlcNAc biosynthetic pathway and the dynamic changes of each metabolite intermediate were described by Michaelis-Menten kinetics (Liu et al., 2016). However, the dynamics of three intermediate metabolites F6P, GlcN6P, and GlcNAc6P could not be simply described by the Michaelis-Menten equation in the presence of a substrate channel. We divided the intermediates into two parts for the construction of the kinetic model: intermediates appear in two separate compartments including a channeled pool (high metabolite turnover rate with intermediate leakage) and a cytosol pool (lower metabolite turnover rates). Thus, for the GlcNAc generated from the channeled pool, we consider the conversion of G6P to GlcNAc as a one-step enzymatic reaction with the release of intermediates based on high metabolite turnover rates. We also constructed a conventional enzymatic reaction pathway outside the substrate channel to simulate the enzymatic reaction in cytosol pool, where all the vmax are lower than the total vmax to qualitatively simulate the enzymes that are free in the cytosol (Fig. 5A). For the concentration of intermediate metabolites in the model, we used arbitrary units instead of quantitative experimental data. Because although the extracellular Km of Pgi, GlmS, GNA1 and YqaB is available, it is currently difficult to measure intracellular target protein content to within small error range. Accurate quantification of the absolute concentration of intracellular enzymes remains a huge challenge. At the same time, qualitative models are sufficient to simulate significant differences in intermediate dynamics and can also help us analyze other metabolic pathways. In the presence of a substrate channel, we qualitatively simulated the leakage of intermediates in the channeled pool by 20%, 50%, and 80%, respectively (Fig. S13-S17). After simulation, we found no significant difference in the concentration of intermediates in the presence of a substrate channel compared to that in the absence of a metabolic channel. Interestingly, we found that when a substrate channel is present, it takes about 6 times longer (from about 20 s to about 120 s) for the concentrations of intermediates to reach steady state (Fig. 5B), which is a novel perspective to validate substrate channel.
The delay in reach steady state is considered reasonable by theoretical analysis. First, in the absence of metabolic channels, all required enzymes and metabolic intermediates are relatively uniformly mixed intracellularly, which indicates that the enzymatic reactions are more freely to carry out (Spitzer, 2011; Mourão et al., 2014). In this case, the intermediates in GlcNAc biosynthetic pathway can quickly reach steady state. When the metabolic channel on the FMMs-multi-enzyme complex system is present, the intermediates leaking from the metabolic channel need to take longer to diffuse to the membrane for further conversion. This steric hindrance results in a longer time to reach steady state. In addition, although we consider the metabolic channel as a one-step enzymatic reaction, in fact, the conversion time to reach steady state from G6P to the GlcNAc in the metabolic channel is longer than the one-step enzymatic reaction (Noor et al., 2014; Huang et al., 2001). From this perspective, the time to reach steady state for the intermediates leaking from the metabolic pathway is also delayed.
Next, we measured the intermediate dynamics of strains BSG-C3 and strain BSG-FMM4 respectively to demonstrate the existence of metabolic channels, according to the model predictions. The two strains were first harvested in the exponential phase, starved for 30 min in medium without a carbon source, and then induced to biosynthesize GlcNAc by adding glucose. Simultaneously, the intermediate dynamics were monitored within 5 minutes after glucose addition. The experimental results show that the intermediate dynamics are consistent with the characteristics predicted by the kinetic model. As shown in Fig. 5C, in strain BSG-FMM4, it takes about 120 s for all intermediate products i.e. F6P, GlcN6P, and GlcNAc6P in the substrate channel to reach steady state, whereas it takes only 20 s for intermediate products to reach steady state in strain BSG-C3. The above results provide reasonable evidence to synergistic effects when they are close in space that could be due to substrate channel originated from the spatial proximity.
4. Discussion 
[bookmark: OLE_LINK8][bookmark: OLE_LINK12][bookmark: OLE_LINK13]Spatial scaffolds have great potential to engineer efficient microbial cell factories, wherein they could be used to organize metabolite transporters and enzyme pathways to enhance the metabolic flux (Dueber et al., 2009; Lee et al., 2018). For instance, Avalos et al. (2013) indicated that targeted expression of metabolic pathways to yeast mitochondria can dramatically improve the production of branched chain alcohols compared with expression of the same pathways in the cytoplasm. In bacteria, when the enzymes pyruvate decarboxylase and alcohol dehydrogenase were targeted to a supramolecular scaffold designed from a three-component system comprising a BMC shell protein and two coiled-coil peptides, ethanol production was enhanced (Lee et al., 2018). However, these supramolecular scaffolds were exogenously introduced. Herein, using VA-TIRFM and single-particle tracking analysis, we investigated and analyzed the dynamic characteristics of FMMs in B. subtilis and found that FMMs exhibited limited lateral mobility and could stably exist at the plasma membrane. These findings suggested that FMMs could be used as an endogenous spatial scaffold to assemble enzyme pathways in close proximity to enhance metabolic flux.
[bookmark: _Hlk27729974]Microdomain scaffolding proteins are enriched in membrane rafts and are therefore considered important protein markers for the detection of membrane rafts, and the most typical microdomain scaffolding proteins are SPFH proteins, which are characterized by a SPFH domain (Bramkamp and Lopez, 2015; Stuermer, 2011). SPFH domain is highly conservative and is found in several other membrane protein families such as flotillin, stomatin, prohibitin, and HflK/C (Choi et al., 2011). Using in vivo single molecule technology and BiFC, we verified that FloA and FloT could co-exist in the same membrane raft, implying that FloA and FloT can serve as connexins to construct the FMMs-multi-enzyme system. Then, through protein sequence prediction and visual observation, we determined that only the SPFH domain of FloT protein was involved in microdomain localization. Finally, the statistical analysis of fluorescence intensity showed that SPFH domains exist in FMMs as a polymer. Based on these results, we speculated that both the SPFH domains and scaffolding proteins can anchor enzymes onto FMMs.
[bookmark: OLE_LINK16][bookmark: OLE_LINK17]FMMs are a natural nanoscale platform with a size of about 70 nm for copolymerization of different kinds of proteins (Vestergaard et al., 2008), and copolymerization of enzymes into compact aggregates speeds up the processing of intermediates and produces the same efficiency benefits as direct channels (Castellana et al., 2014). Therefore, designing and constructing a multi-enzyme complex system for assembling various pathway enzymes onto FMMs has great potential for improving catalytic efficiency. In our study, by using the scaffolding protein and SPFH domain, we successfully assembled four enzymes (GNA1, GlmS, Pgi, YqaB) required for GlcNAc synthesis onto FMMs, and found that the titer of GlcNAc was increased by 270% under the condition that the expression and crude enzyme activity of most enzymes decreased significantly. It is worth mentioning that only immobilized GNA1 to FMMs can also increase GlcNAc production. Considering that GNA1 expression and enzyme activity were significantly decreased, we speculate that due to the clustering effect caused by oligomer formation and the efficient transport of products, the aggregation of GNA1 on FMMs may shift the metabolic flux towards GlcNAc synthesis and ultimately lead to the increase of GlcNAc production. Moreover, the obvious improvement of GlcNAc titer caused by immobilization of different enzymes (Pgi and YqaB) with the SPFH domains imply that just one scaffold protein or SPFH domain is needed to realize simple and effective assembly of multi-enzyme complex. In addition, bacterial cell lysis is usually detrimental to the efficient production of products (Newton et al., 2016), and due to the complexity of the influencing factors, it is also difficult to effectively reduce or avoid the occurrence of cell lysis too early in the fermentation process. However, we found that the cell lysis was alleviated at the late stage of fermentation with the increase of SPFH expression in this work. The main reason may be that the overexpression of SPFH is beneficial to the stability of FMMs, which have similar functions as eukaryotic lipid rafts to enhance cell resistance to various abiotic stimuli or stresses (Raffaele et al., 2007). These findings suggest that our FMMs-multi-enzyme system is potentially a very important tool in metabolic engineering.
In synthetic biology and metabolic engineering, construction of heterologous metabolic pathways is often a daunting task, most of the challenges come from the intracellular diffusion limitations due to the high viscosity and macromolecular crowding environment leading to the dissipation of the substrate (Ellis, 2001; Zhang, 2011). One solution to this problem is to mimic eukaryotic system and achieve compartmentalized flux control of specific reactions. In prokaryotes, the construction of substrate channels has become one of the most promising methods (Abernathy et al., 2017). Current research indicates that natural substrate channels can increase the metabolite turnover rate as well as reduce the environmental interference in the enzymatic reaction (Fischer and Sauer, 2005). However, the successful demonstration of engineered substrate channels for bioproduction is very limited (Wheeldon et al., 2016). Here, we developed a new method to analyse if metabolic channels are present and this also can be used for other approaches and scaffolds. Based on the kinetic model simulation and analysis of metabolite dynamics, we suggest the existence of a substrate channel similar phenomenon in the FMMs-multi-enzyme complex system constructed in this work. Such kind of approaches could generally improve the substrate conversion efficiency, and help design and construct more efficient biosynthetic pathways in synthetic biology and metabolic engineering. Also, it will pave the way to improve other products and metabolic pathways, particularly biosynthetic pathways catalyzed by multiple enzymatic steps with toxic intermediate metabolites. And it also should be noted that the concept of substrate channel is not without controversy, as measurements of this effect can be interfered with by a variety of experimental artifacts, including improved enzyme folding, increased intracellular active enzyme copy number, or a combination of these effects. However, here the total enzyme activity of FloA-GNA1, FloT-GlmS, SPFH-Pgi and SPFH-YqaB decreased by 4.6, 1.3, 2.5 and 26.7 times compared with those of non-fusion expressed enzymes, respectively. Therefore, the increase in the GlcNAc titer cannot be explained simply by these theories. For the increase in GlcNAc production, we measured the intracellular dynamics of all relevant intermediate metabolites and established a kinetic model based on substrate channel theory to propose the existence of substrate channel. We believe that the use of FMMs can significantly improve metabolic performance and provide a powerful new approach that can be used in synthetic biology and metabolic engineering.
In summary, using in vivo single molecule technology, we found that FMMs can be used as endogenous scaffolds for enzyme assembly. Then, we exploited FMMs and SPFH domains, for the improved synthesis of GlcNAc. Notably, our system for enzyme assembly has a certain universality because various enzymes or gene clusters can be anchored onto FMM simultaneously through the SPFH domain. More generally, we envision that this versatile scaffolding platform could be easily translated to spatially assemble of various metabolic pathways with defined tempo spatial resolution, and provide alternative framework for the construction of efficient microbial cell factories.
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Figure legends
Fig. 1. The dynamic distribution and characteristics of FloT–EGFP. (A) The fluorescence microscope image of Flot-EGFP showed that Flot-EGFP was mainly located on the plasma membrane. (B-D) Fluorescence, bright-field, and merged VA-TIRFM images of the strains expressing FloT-EGFP. Bar = 2 μm. (E) A typical single-particle image for FloT–EGFP at the plasma membrane. Bar = 600 nm. (F) Dynamic analysis (above) and three-dimensional luminance plots (below) using a 30 s time series of FloT-EGFP particle in E. Bar = 600 nm. (G) Kymographs from representative time-series images recorded at 0.30-sec intervals in the strain expressing FloT-EGFP. (H) The trajectories of the four fluorescent dots highlighted by circles in e. (I) Distribution of the diffusion coefficients of FloT–EGFP (n = 631) and fluorescent beads (n = 756).
[bookmark: OLE_LINK22][bookmark: OLE_LINK23]Fig. 2. Dynamic comparison and Localization analysis of FloA, FloT, and different domains of FloT. (A) Time series imaging of FloA-EGFP with a 0.3-sec exposure time. The white circles mark a relatively stationary fluorescent particle. The purple arrow marks a relatively fast moving particle. Bar = 1 μm. (B) Distribution of the diffusion coefficients (DC) of FloA-EGFP (n = 617) and FloT-EGFP (n = 631). (C) Distribution of the motion range of FloA-EGFP (n = 617) and FloT-EGFP (n = 631). (D) Distribution of the path of FloA (n = 617) and FloT (n = 631). (E) Fluorescence, bright-field, and merged VA-TIRFM images of the strains expressing SPFH(domain)-EGFP (top row) and flotillin(domain)-EGFP (bottom row). Bar = 2 μm. (F) The typical single-particle imageS for Free-mGFP and SPFH(domain)–mGFP at the plasma membrane. (G) Distribution of the intensity of Free-mGFP (n = 62) and SPFH(domain)–mGFP (n = 98).

[bookmark: OLE_LINK5][bookmark: _Hlk31046324]Fig. 3. Effect of anchoring GNA1 and GlmS onto FMMs on the GlcNAc synthesis. (A) Metabolic Pathway of GlcNAc synthesis. (B) VA-TIRFM images of the cells expressing GNA1-EGFP, GlmS-EGFP, Pgi-EGFP, YqaB-EGFP, respectively. Bar = 2 μm. (C) VA-TIRFM image of the cells expressing FloA-GNA1-EGFP. The white box shows the plasma membrane localization of FloA-GNA1-EGFP observed by fluorescence microscope. Bar = 1 μm. (D) The expression cassette of FloA-GNA1 fusion protein. (E) Distribution of enzymes required for GlcNAc in BSG-FMM1 strains. (F) GlcNAc concentration of strains BSG-FMM1 and BSG-C1. (G) Concentration of glucose in fermentation broth of the strains BSG-FMM1 and BSG-C1. (H) Cell growth profiles of strains BSG-FMM1 and BSG-C1. 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; DCW: dry cell weight. Error bars represent the SD.
Fig. 4. Effect of anchoring GNA1, GlmS, Pgi and YqaB onto FMMs on the GlcNAc synthesis. (A) Sketch map of the expression cassette of fusion protein FloT-GlmS, SPFH-Pgi, and SPFH-YqaB. (B-D) VA-TIRFM images of the cells expressing FloT-GlmS-EGFP (B), SPFH-Pgi-EGFP (C) and SPFH-YqaB-EGFP (D), respectively. The white box shows the images observed by fluorescence microscope. Bar = 1 μm. (E) Distribution of enzymes required for GlcNAc synthesis in BSG-FMM4 strains. (F,H,J) The GlcNAc concentration of strains BSG-FMM2 and BSG-C2 (F), BSG-FMM3 and BSG-C2 (H), BSG-FMM4 and BSG-C3 (J). (G,I,K) Cell growth of strains BSG-FMM2 and BSG-C2 (G), BSG-FMM3 and BSG-C2 (I), BSG-FMM4 and BSG-C3 (K). Error bars represent the SD.
Fig. 5. Substrate channel characterization based on kinetic model and metabolite dynamics. (A) Diagram of metabolic intermediate dynamics of GlcNAc biosynthesis with substrate channel. a, b, c and d represent the leakage ratio of corresponding enzymatic reaction. (B) The metabolic dynamics curve of four intermediates obtained after the simulation of the kinetic model when a=0.4, b=0.1 c=0.1, d=0.1, different colors of the lines represent the corresponding intermediates in (A). (C) Intermediate dynamics monitored within 5 minutes after glucose addition. Triplicate experiments were carried out for characterizing intermediate dynamics curve, error bars represent the standard deviation. Error bars represent the SD.














Table 1. Strains used in this study
	[bookmark: _Hlk19649076]Name
	 Characteristics
	 reference

	strains
	
	

	AG1
	Bacillus subtilis 168 derivate, expressing floA-EGFP fusion gene under the control of floA native promoter (PfloA)
	This study

	AG2
	Bacillus subtilis 168 derivate, expressing GNA1-EGFP fusion gene under the control of PfloA
	This study

	AG3
	Bacillus subtilis 168 derivate, expressing floA-GNA1-EGFP fusion gene under the control of PfloA
	This study

	TG1
	Bacillus subtilis 168 derivate, expressing floT-EGFP fusion gene under the control of floT native promoter (PfloT)
	This study

	TG2
	Bacillus subtilis 168 derivate, expressing glmS-EGFP fusion gene under the control of PfloT
	This study

	TG3
	Bacillus subtilis 168 derivate, expressing floT-glmS-EGFP fusion gene under the control of PfloT
	This study

	SG1
	Bacillus subtilis 168 derivate, expressing SPFH(domain)-EGFP under the control of PfloT 
	This study

	SG2
	Bacillus subtilis 168 derivate, expressing pgi-EGFP under the control of Ppgi
	This study

	SG3
	Bacillus subtilis 168 derivate, expressing SPFH-pgi-EGFP under the control of PfloT
	This study

	SG4
	Bacillus subtilis 168 derivate, expressing yqaB-EGFP under the control of P43 promoter
	This study

	SG5
	Bacillus subtilis 168 derivate, expressing SPFH-yqaB-EGFP under the control of P43 promoter
	This study

	SM1
	Bacillus subtilis 168 derivate, expressing SPFH(domain)-mGFP under the control of PfloT
	This study

	SM2
	Bacillus subtilis 168 derivate, expressing free-mGFP under the control of PfloT
	This study

	FG1
	Bacillus subtilis 168 derivate, expressing flotillin(domain)-EGFP under the control of PfloT
	This study

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

	BSG-C1
	BSGN6 derivate, expressing GNA1 under the control of PfloA promoter
	This study

	BSG-C2
	BSG-C1 derivate, expressing glmS under the control of PfloT promoter (containing free Pgi protein, therefore, this strain can also be used as the control strain of BSG-FMM3)
	This study

	BSG-C3
	BSG-C2 derivate, expressing yqaB under the control of P43 promoter
	This study

	BSG-FMM1
	BSGN6 derivate, expressing floA-GNA1 under the control of PfloA promoter
	This study

	BSG-FMM2
	BSG-FMM1 derivate, expressing floT-glmS under the control of PfloT promoter
	This study

	BSG-FMM3
	BSG-FMM2 derivate, expressing SPFH-pgi under the control of Ppgi promoter
	This study

	BSG-FMM4
	BSG-FMM3 derivate, expressing SPFH-yqaB under the control of P43 promoter
	This study

	BSG-WB1
	BSGN6 derivate, expressing His-GNA1 under the control of PlytR promoter via the plasmid pHT01
	This study

	BSG-WB2
	BSGN6 derivate, expressing His-SPFH-GNA1 under the control of PlytR promoter via the plasmid pHT01
	This study

	BSG-WB3
	BSGN6 derivate, expressing His-GlmS under the control of PlytR promoter via the plasmid pHT01
	This study

	BSG-WB4
	BSGN6 derivate, expressing His-SPFH-GlmS under the control of PlytR promoter via the plasmid pHT01
	This study

	BSG-WB5
	BSGN6 derivate, expressing His-Pgi under the control of PlytR promoter via the plasmid pHT01
	This study

	BSG-WB6
	BSGN6 derivate, expressing His-SPFH-Pgi under the control of PlytR promoter via the plasmid pHT01
	This study

	BSG-WB7
	BSGN6 derivate, expressing His-YqaB under the control of PlytR promoter via the plasmid pHT01
	This study

	BSG-WB8
	BSGN6 derivate, expressing His-SPFH-YqaB under the control of PlytR promoter via the plasmid pHT01
	This study

	Plasmids
	
	

	pHT01
	AMP, CmR, E. coli-B. subtilis shuttle vector
	Lab stock

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