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 Abstract 22 

A novel strategy to finely control a large metabolic flux by using a “metabolic 23 

transistor” approach was established. In this approach a small change in the level or 24 

availability of an essential component for the process is controlled by adding a 25 

competitive reaction that affects a precursor or an intermediate in its biosynthetic 26 

pathway. The change of the basal level of the essential component, considered as a 27 

base current in a transistor, has a large effect on the flux through the major pathway. 28 

In this way, the fine-tuning of a large flux can be accomplished. The “metabolic 29 

transistor” strategy was applied to controlling electron transfer chain function by 30 

manipulation of the quinone synthesis pathway in Escherichia coli. The achievement 31 

of a theoretical yield of lactate production under aerobic conditions via this strategy 32 

upon manipulation of the biosynthetic pathway of the key participant, ubiquinone-8 33 

(Q8), in an E. coli strain provides an in vivo, genetically tunable means to control the 34 

activity of the electron transfer chain and manipulate the production of reduced 35 

products while limiting consumption of oxygen to a defined amount. 36 

 37 

Keywords: Escherichia coli, metabolic transistor, electron transfer chain, quinone, 38 

lactate, oxygen. 39 

40 
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Highlights 41 

 42 

► The “metabolic transistor” strategy was established in E. coli. 43 

► Fine-tuning of a large metabolic flux can be achieved by this strategy. 44 

► Control of electron transfer chain of E. coli can be achieved by this strategy. 45 

► Control of the metabolic burn rate & CO2 release of E. coli can be accomplished. 46 

► Theoretical yield of lactate was produced under fully aerobic conditions. 47 

 48 

49 
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 1. Introduction 50 

 51 

Oxygen is an effective electronic acceptor and can provide a significantly higher 52 

ATP/glucose yield (more than 30 ATP per glucose under aerobic conditions vs only 2 53 

ATP from the glycolysis pathway under anaerobic conditions). Aerobic cultures are 54 

therefore in general more robust than their anaerobic counterpart. However, since 55 

NADH is being consumed in the electron transfer chain (ETC), the intracellular 56 

NADH/NAD+ ratio has been shown to decrease significantly with increasing culture 57 

dissolved oxygen levels (Shalel-Levanon et al, 2005). Hence, these opposing trends 58 

impose conflicting demands: a robust culture for rapid cell growth to achieve high 59 

biomass and high cell energetics under aerobic metabolism, and the opposing demand 60 

for NADH in product formation. Microaerobic conditions have thus been shown 61 

experimentally and theoretically to improve performance of a number of 62 

bioproduction systems. However, it is difficult to maintain a set dissolved oxygen 63 

level in a large scale production environment due to incomplete mixing. As part of its 64 

ability to adapt to different growth conditions E. coli alters the composition of its 65 

respiratory system. The three types of respiratory components are: 1) dehydrogenases, 66 

which carry out the oxidation of organic substrates and feed electrons into the mobile 67 

quinone pool, 2) quinones, which deliver reducing equivalents to the terminal 68 

oxidoreductases, and 3) oxidoreductases, which reduce the terminal electron acceptors 69 

(Figure 1) (Gennis and Stewart, 1996). The ETC of E. coli is composed of 70 

membrane-anchored dehydrogenases that reduce the quinone pool (ubiquinone-8, Q8) 71 

under respiratory conditions. Of these, the nuo and ndh pathways are most important 72 

in aerobic conditions. The quinone redox state is sensed by the ArcB protein and 73 

through phosphorylation of the transcriptional regulator ArcA, expression of genes of 74 
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the TCA cycle and the electron transport chain are adjusted to modify the cell’s 75 

respiration vs fermentative metabolism. The amount of each component is strictly 76 

regulated to optimize the respiratory chain according to the substrates present and the 77 

physiological needs of the cell. One important function of the respiratory chain is the 78 

maintenance of redox balance and the regeneration of NAD+ from NADH. Under 79 

aerobic growth E. coli normally makes two different NADH dehydrogenases, NAD I 80 

and NAD II, and two different terminal oxidases, cytochrome bo3 and cytochrome bd. 81 

The electron flux through these enzymes is dependent on the concentrations of the 82 

enzyme in the membrane, the NADH, quinone, and oxygen concentrations, and the 83 

steady state characteristics of the enzymes (i.e. Vmax and Km values for NADH, 84 

quinone and oxygen).  85 

Too much respiration and oxidation of carbon substrates, while being beneficial 86 

for cell energetics and usually for growth rate, leads to loss of carbon that does not go 87 

into product, especially if a reduced product is desired. Many reduced products of 88 

commercial interest, such as fuel molecules, are compounds more reduced than 89 

glucose, and many chemical intermediates for pharmaceuticals, lactate or monomers 90 

for making polymers, fatty acids, etc also require reduction reactions and similarly 91 

optimal formation of these molecules requires limiting oxidation of the feedstock for a 92 

high yield process. E. coli cells regenerate NAD+ and generate proton motive force for 93 

ATP production through the respiratory chain. One way to reduce the activity of ETC 94 

and thus the amount of oxygen used is reducing the cytochrome protein levels 95 

(Hayashi et al., 2012; Koch-Koerfges et al., 2013; Portnoy et al., 2008; Portnoy et al., 96 

2010); another way is to control the level of quinone by inactivating its biosynthetic 97 

pathway and adding different amounts of an analog of quinone back to the culture, 98 

such as coenzyme Q1 (Zhu et al., 2011).  99 
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In cell metabolism, due to efficiency and cost concerns, it is desired to control a 100 

large flux using a controller that can be regulated at an appropriate level either at a 101 

defined fixed level or at a feedback controlled response level. At the genetic level, 102 

synthetic biology “gene circuit” approaches have allowed control of cell responses to 103 

exogenous parameters such as inducer levels, light or cell formed substances in 104 

feedback loops using repressors, activators, inverters, or RNA responsive elements 105 

(Brophy and Voigt, 2014; Nielsen et al., 2013; Olson et al., 2014).  106 

Different from “gene circuits”, we propose a new “metabolic transistor” strategy 107 

based on network topology around the biosynthetic pathway, that involves introducing 108 

additional nodes where flow through the biosynthetic pathway, can be controlled by 109 

regulating the partitioning at these newly introduced nodes. Thus by affecting the 110 

level of the small molecule which is present at only a low intracellular level normally, 111 

a large flux can be controlled if the regulated level can be finely controlled around the 112 

threshold level. Quinones are lipid-soluble molecules that mediate electron transfer 113 

between NADH or FADH dehydrogenases and cytochrome oxidases. The major 114 

substrate precursor compounds of ubiquinone synthesis are polyprenyl diphosphate 115 

which is formed by a combination of multiple units of IPP by polyprenyl diphosphate 116 

synthase, and 4-hydroxybenzoic acid (4-HB) (Figure 1). Our strategy, which can 117 

control the level of oxidation via the ETC, involves regulating the production of the 118 

ubiquinone by competing for an intermediate within the biosynthetic pathway. One 119 

approach of the strategy uses the lycopene synthesis pathway to drain IPP, which is 120 

the substrate of the polyprenyl side chain of the ubiquinone synthesis pathway (Figure 121 

1). Another approach uses a route employing reaction of the geranyl 122 

diphosphate:4-hydroxybenzoate geranyltransferase from Lithospermum erythrorhizon 123 

(lePGT-1) to drain both IPP and 4-HB (Figure 1). The current study aimed at 124 
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manipulating cell respiration based on controlling the synthesis of ubiquinone so that 125 

cell metabolism can be precisely manipulated e.g. via regulation of the availability of 126 

the quinone accordingly through the “metabolic transistor” approach. This kind of 127 

control will have the effect of lowering the level of the small molecule, ubiquinone, 128 

from its normal level of 100% to reduced levels depending on the effective 129 

partitioning of the intermediate at the introduced node. To examine the potential of 130 

fine turning the respiration chain for reduced product formation in the presence of air, 131 

we used the production of lactate as the model system, which served as a NADH sink 132 

under the experimental aerobic conditions. A theoretical yield of lactate production 133 

under aerobic conditions was achieved via the “metabolic transistor” strategy based E. 134 

coli strains. It provides a genetic means to control the activity of the electron transfer 135 

chain in vivo and manipulate intracellular NADH availability and allow controlled 136 

production of reduced products. 137 

 138 

2. Materials and methods 139 

 140 

2.1 Strains and Plasmids 141 

 142 

The strains and plasmids used in this study are described in Table 1. The E. coli 143 

strains MG1655 and JW2308-4 were obtained from Coli Genetic Stock Center 144 

(CGSC). The ubiX knockout strain based on MG1655 was created using the one-step 145 

inactivation method of Datsenko and Wanner (2000), and named HW101. The mutant 146 

strain was verified with genomic PCR after construction to ensure that the ubiX gene 147 

had been deleted. The pACLyco, based on pACYC184, contains the carotenoid 148 

biosynthesis genes crtE, crtB, and crtI from Erwinia herbicola, which encode 149 
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geranylgeranyl diphosphate synthase, phytoene synthase, and phytoene desaturase, 150 

respectively (Cunningham et al. 1994). The gene encoding the geranyl 151 

diphosphate:4-hydroxybenzoate geranyltransferase gene from Lithospermum 152 

erythrorhizon (lePGT-1) was synthesized and cloned into the vectors pTrc99a and 153 

pBAD33, respectively, and designated as plasmids pTrc-lePGT and pBlePGT.  154 

 155 

2.2 Media  156 

 157 

The media for strain development and preculture of fermentation inoculum was 158 

Luria-Bertani Broth (LB) (per liter: tryptone 10 g, yeast extract 5 g, sodium chloride 159 

10 g). The fermentation medium contained (per liter): glucose 20 g (around 110 160 

mmol), tryptone 10 g, yeast extract 5 g, Na2HPO4 9.8 g, KH2PO4 4.2 g sodium 161 

chloride 5 g. The initial pH of the fermentation medium was 7.0. Antibiotics were 162 

included at the following concentrations (mg per liter): kanamycin 30, and 163 

chloramphenicol 34. 164 

 165 

2.3Culture conditions 166 

 167 

During the construction of strains and plasmids, cultures were usually grown 168 

at 37°C in LB medium. Temperature was changed to 30°C or 42°C depending on the 169 

protocol of the one-step gene inactivation method of Datsenko and Wanner (2000). In 170 

the fermentation experiments, the preculture was prepared by inoculating a single 171 

colony from a freshly grown plate in 5 mL of LB medium in an orbital shaker (New 172 

Brunswick Scientific, NJ) operated overnight at 250 RPM and 37°C. The inoculation 173 

size was 1%. The expression of lePGT-1 from the plasmids, pTrc-lePGT and 174 
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pBlePGT, was induced by adding different concentrations of 175 

isopropyl-β-D-thiogalactopyranoside (IPTG) and arabinose, respectively. The cells 176 

were then cultivated in an orbital shaker (New Brunswick Scientific, Edison, NJ) 177 

operated at 250 RPM and 30 °C. All experiments were carried out in triplicate. 178 

 179 

2.3 Analytical methods 180 

 181 

Cell density was estimated by measurement of the optical density of 182 

appropriately diluted culture samples at 600 nm (Beckman Coulter DU 800 UV/Vis 183 

Spectrophotometer, Beckman Coulter, Inc., Fullerton, CA); the culture was diluted to 184 

the linear range with 0.95% (W/V) NaCl. Previously established HPLC methodology 185 

was used to analyze glucose and the extracellular metabolites (Dittrich et al., 2005; 186 

Lin et al., 2005). Briefly, 1 mL of culture was centrifuged and the supernatant was 187 

then filtered through a 0.22-µm syringe filter for HPLC analysis. The HPLC system 188 

(Shimadzu-10A Systems, Shimadzu, Colombia, MD) used was equipped with a 189 

cation-exchange column (HPX-87H, BioRad Labs, Hercules, CA), a UV detector 190 

(Shimadzu SPD-10A, Shimadzu, Colombia, MD) and a differential refractive index 191 

(RI) detector (Waters 2410, Waters, Milford, MA). A mobile phase of 2.5 mM H2SO4 192 

solution at a 0.5mL/min flow rate was used and the column operated at 55 ºC. 193 

Metabolites such as glucose, acetate, ethanol and lactate were measured by a RI 194 

detector and pyruvate was measured by a UV detector at 210nm. 195 

 196 

2.4 Quinone extraction and quantification 197 

 198 

Microbial quinones were extracted from 20 mL of cultured E.coli cells (OD600 = 199 
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1.0± 0.2) that were immediately quenched with 28mL of aqueous 60% methanol (v/v) 200 

HEPES buffered (70mM pH 6.8) solution maintained at -40 °C. The quenched 201 

biomass was spun down at 6500 rpm (5432×g) (5min, -9 °C). The cell pellets were 202 

resuspended in 1.0 mL of LC-MS grade water, sonicated for 3 minutes at 4°C at an 203 

amplitude of 75 with 30 second Pulse ON/OFF. Quinones were extracted from broken 204 

cells with 3 mL of chloroform-methanol (2:1) mixture. The cell pellets were extracted 205 

again twice. Cell extracts were vortexed for 2 minutes, centrifuged at 7000 rpm for 10 206 

min which allowed separation into two layers. The lower layer (chloroform-methanol) 207 

was collected. The chloroform-methanol extract was dried under a stream of N2. To 208 

remove impurities from the crude dried quinone extract, 2 mL of water was added and 209 

the samples were re-extracted twice with 5 mL of hexane. The collected hexane layer 210 

was passed through anhydrous sodium sulfate, and dried under a stream of N2. Finally, 211 

the dried quinone extract was reconstituted in 100 µL methanol before LC-MS 212 

analysis. 213 

Preparation of standard solution: The amounts of Q8 in samples were quantified 214 

by comparing the peak area with a known concentration of a standard Q8 purchased 215 

from Sigma-Aldrich (St. Louis, MO). Seven working Q8 standard solutions (10, 50, 216 

100, 250, 500, 1000 and 2000 ng/mL) were prepared from a stock solution (0.22 217 

mg/mL) by dilution with methanol. The working Q8 standard solutions were used to 218 

generate a calibration curve and unknown amounts of Q8 in samples were estimated 219 

using a calibration curve. Q8 was confirmed by retention time index and MS/MS 220 

fragmentation pattern. 221 

Chromatographic separation was performed using reverse phase on a 222 

Phenomenex C18(2) Luna column: 150 × 2 mm, 5 µm particle size that was 223 

equilibrated with 50% mobile phase A (0.1% formic acid in H2O) and 50% mobile 224 
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phase B (0.1% formic acid in acetonitrile) using a Shimadzu UPLC system (Shimadzu, 225 

Colombia, MD). The column and the autosampler were maintained at a temperature 226 

of 25°C and 4°C respectively. Elution was performed under isocratic conditions with 227 

80:20 (Methanol: isopropanol plus 10mM ammonium acetate) mobile phase at a flow 228 

rate of 0.3 ml/min for a 60 minute runtime. The Shimadzu UPLC was connected to an 229 

IT-TOF-MS (Shimadzu, Colombia, MD) through an electrospray ionization source 230 

(ESI). The automated system ensured reproducible loading of samples using a 231 

LC-autosampler. 232 

The mass spectrometer was calibrated externally using LC-MS high purity 233 

sodium trifluoroacetate (NaTFA) solution in both positive and negative mode. After 234 

calibration, high resolution was obtained with mass accuracy less than 10 ppm and ion 235 

intensity above 2,000. MS settings were as follows: Interface voltage (kV) 4.5 and 236 

-3.5 in positive and negative mode respectively. Interface temperature: 450°C, CDL 237 

temperature: 250°C, Nebulizing gas flow: 1.5L/min and heat block temperature: 238 

250°C. LCMS Solution (version 3.60 3.61) software was used for data acquisition and 239 

LC-MS operations. A full mass scan (MS1) for 500-1000m/z and 50-600m/z ranges 240 

was obtained for both positive and negative mode. Each full mass scan cycle of 3.87 241 

seconds included one MS scan and two events of MS/MS scans triggered by threshold 242 

intensity. Ions were accumulated for 30msec or until TIC=50,000 and former target 243 

ions were excluded for 10 seconds. Automatic collision energy and MS/MS 244 

accumulation were also applied during MS/MS acquisition.  245 

 246 

3. Results and discussion  247 

 248 

3.1 Controlling ETC by introducing the lycopene synthesis pathway in E. coli strains 249 
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with different genetic backgrounds  250 

 251 

In previous studies, it was demonstrated that 1 mol of lycopene (C40) needed 8 252 

mol of IPP (C5) (Figure 1) (Farmer et al., 2000; Alper et al., 2005; Vadali et al., 2005). 253 

However, 1 mol of the octaprenyl tail of ubiquinone, coenzyme Q8, is synthesized by 254 

1 mol of GPP and 6 mol of IPP by octaprenyl diphosphate synthase (ispB) (Lee et al., 255 

2008) (Figure 1). This demand for IPP means that the lycopene synthesis pathway 256 

plays as a competing pathway on the coenzyme Q8 synthesis. The effect of 257 

introducing the lycopene synthesis pathway into E. coli strains to drain isopentenyl 258 

diphosphate (IPP) was first investigated. In the Q8 biosynthesis pathway, there are two 259 

genes that encode 3-octaprenyl-4-hydroxybenzoate carboxylase, ubiD and ubiX 260 

(Zhang and Javor, 2000; Gulmezian et al., 2007). The fact that each single mutation of 261 

ubiD and ubiX reduces biosynthesis of Q8 in Escherichia coli to 20-25% of the level 262 

in the WT strain suggests a complexity beyond a role as independent isofunctional 263 

decarboxylases (Leppik et al., 1976; Gulmezian et al., 2007). The reduced Q8 264 

biosynthesis strains with ubiX mutant were used as the host strains for further 265 

investigation. Three strains, MG1655 (parent strain), HW101(ubiX-, MG1655 based), 266 

and JW2308-4(ubiX-, BW25113 based, from the Keio collection) carrying 267 

pACYC184 or pACLyco plasmid, were used in this study. The data of metabolite 268 

production, glucose consumption, the cell density, and yield of lactate production are 269 

summarized in Fig 2. The culture operations were under normal aerobic conditions, 270 

since no formic acid and succinic acid were detected in any of the cultures. This result 271 

further indicates that the pyruvate formate lyase (PFL) was not functioning under the 272 

experimental aerobic conditions. Furthermore, the phenomena that production of 273 

fermentation product, lactate, as a sole reductive by-product reflects that the majority 274 
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of the NADH was consumed though producing lactate by lactate dehydrogenase 275 

rather than the regular ETC (Portnoy et al., 2008; Portnoy et al., 2010). 276 

The highest concentrations of lactate in strains MG1655(pACYC184) and 277 

MG1655(pACLyco) were similar, about 16 mM, while in HW101(pACYC184), 278 

HW101(pACLyco), JW2308-4(pACYC184), and JW2308-4(pACLyco) the lactate 279 

level reached 26.9, 40.6, 49.2 and 102 mM, respectively (Figure 2A). Introducing the 280 

lycopene synthesis pathway in to the WT strain MG1655, seemed to have no effect on 281 

turning down its ETC. The lactate production profile of MG1655(pACYC184) and 282 

MG1655(pACLyco) changed little. It indicated the intracellular pool of Q8 in these 283 

two strains was efficient enough for full operation of the ETC. The additional ubiX 284 

mutation of MG1655 further turned down its ubiquinone synthesis and the activity of 285 

ETC. The yield of lactate at the time points of the highest lactate concentrations also 286 

indicated the changes of the activity of ETC in different engineered strains. The 287 

lactate yield in HW101(pACYC184) reached 1.77 times that of 288 

MG1655(pACYC184). The HW101(pACLyco) strain carrying the plasmid of 289 

lycopene synthesis pathway produced the highest lactate yield among these MG1655 290 

based strains, 1.60 mol/ mol glucose,  about 3.11 times that of MG1655(pACYC184). 291 

Furthermore, the theoretical yield of lactate was also achieved in JW2308-4(pACLyco) 292 

(around 2 mol/mol glucose) which was 70.3% higher than that of the control strain, 293 

JW2308-4(pACYC184) (around 1.18 mol/mol glucose) (Figure 2E). The lactate was 294 

re-consumed at later times in strains MG1655(pACYC184), MG1655(pACLyco), 295 

HW101(pACYC184), HW101(pACLyco), and JW2308-4(pACYC184), while it 296 

changed little in JW2308-4(pACLyco) (Fig 2A). Since the concentrations of lycopene 297 

produced by the strains containing the lycopene biosynthesis pathway were less than 1 298 

mg/L (Data not shown), the main by-products of glucose consumption and lactate 299 
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reconsumption were acetate and CO2. Acetyl CoA, the substrate for the citric acid 300 

cycle can be produced either by the pyruvate dehydrogenase complex or by pyruvate 301 

formate lyase. The pyruvate dehydrogenase complex, is strongly inhibited by ATP, 302 

acetyl-CoA, and NADH, the products of the reaction catalyzed by the complex 303 

(Nelson and Cox, 2000). The PFL protein, encoded by pflB, is inactive without 304 

activator. The protein is activated by the PFL activase (encoded by pflA) and 305 

deactivated by AdhE (Kessler et al., 1991). The active form of the PFL protein is 306 

sensitive to oxygen, and the effect of oxygen is irreversible. However, the YfiD 307 

protein can reactivate the PFL protein even after the irreversible effect of oxygen 308 

(Wagner et al., 2001; Wybron et al., 2002; Levanon et al., 2005. Zhu et al., 2007). In 309 

addition, the yfiD gene is expressed at low oxygen concentration and its expression is 310 

under control of the FNR regulator (Wybron et al., 2002). Under low oxygen 311 

conditions, the cell has high intracellular NADH concentration repressing the activity 312 

of PDH (Zhu and Shimizu, 2004), and resulting in lactate accumulation as the major 313 

pathway for pyruvate metabolism. In the strain JW2308-4(pACLyco), it indicated the 314 

activity of PDH was inhibited resulting in intracellular pyruvate accumulation, and the 315 

pyruvate was further reduced to lactate by lactate dehydrogenase. 316 

The effect of exogenous supplementation of ubiquinone-1 (Q1) to the strain 317 

JW2308-4(pACLyco), whose ETC seemed to be totally blocked due to lacking 318 

ubiquinone, was also investigated. Different quantities of Q1 were added into the 319 

media of JW2308-4(pACLyco) at the beginning of the aerobic culture. The results are 320 

shown in Fig 3. Interestingly, the result showing a changing trend of lactate 321 

accumulation and cell growth were similar to the previous Q1 supplemental study of 322 

AMS001 (Zhu et al., 2011.). Upon increasing the concentration of Q1 supplement, the 323 

final optical densities were increased, while the yields of lactate accumulated were 324 
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reduced (Fig. 3). The reduction in lactate formation suggested that the cells partially 325 

used oxygen as the electron acceptor though the ETC, while the effective 326 

concentration of Q8 was still below the threshold limiting condition. It also indicated 327 

that Q1 addition could increase the effective electron carrier in the ETC of E. coli. 328 

  329 

3.2 Fine-turning expression of lePGT-1 to control the ETC in wild type E. coli 330 

MG1655. 331 

In a previous study, it was demonstrated that lePGT-1 had strict substrate 332 

specificity for geranyl diphosphate and 4-HB to form geranyl-4-HB (G-4HB) which 333 

was not involved in further steps of ubiquinone biosynthesis (Yazaki et al., 2002; 334 

Ohara et al., 2009; Ohara et al., 2013).  Geranyl diphosphate (GPP) is synthesized 335 

from dimethylallyl diphosphate and IPP by geranyl diphosphate synthase, thus 2 mol 336 

of IPP can convert to 1mol of GPP. Hence, the reaction catalyzed by lePGT-1 also 337 

plays as a competing pathway on the substrates of the Q8 synthesis pathway, namely 338 

at IPP and 4-HB, and introduction of this new node could affect the flow through the 339 

Q8 biosynthetic pathway and affect the level of ubiquinone.   340 

In this experiment, the lePGT-1 gene was synthesized and cloned into the 341 

expression vector, pTr99a, to form pTrc-lePGT. The fine-tuning of the expression of 342 

lePGT-1 in wild type E. coli MG1655 to control the ETC was investigated by adding 343 

different concentrations of IPTG, 40, 60, 80, 100, 200, 500, and 1000µM, which 344 

would induce the level of expression of lePGT-1 to various extents in fully aerobic 345 

conditions. The culture without IPTG was used as the control. The data of the 346 

metabolite production, glucose consumption, cell density, and yield of lactate 347 

production are summarized in Fig 4. 348 

The measured parameters of glucose consumption, lactate and acetate production 349 
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were similar between the conditions of adding 0 and 40 µM concentrations of IPTG. 350 

A great response in controlling the metabolic flux of lactate production was shown 351 

when a concentration of more than 40 µM of IPTG was applied in the fully aerobic 352 

condition. In the conditions of 40, 60, 80, 100, 200, 500 and 1000 µM of IPTG, the 353 

concentration of lactate accumulating in the culture at 24 hours increased from 0 mM 354 

to about 58.2 mM (Figure 4A), while the concentration of acetate decreased from 103 355 

to 47.8 mM (Figure 4B). The final optical densities were decreased followed by the 356 

increasing of expression of lePGT-1. However, the glucose consumption changed 357 

little among the different conditions. Lactate can be re-consumed when the 358 

concentration of IPTG in the culture was below 200 µM. The yields of lactate at the 359 

time points of the highest lactate concentrations also changed dramatically when the 360 

concentration of IPTG was increased from 40 to 200µM, and remained at a similar 361 

level when the concentration of IPTG was higher than 200µM, about 1.36 mol 362 

lactate/mol glucose (Figure 4E).  363 

The Q8, which serves to deliver reducing equivalents between electron donors, 364 

such as NADH dehydrogenase (NDH), succinate dehydrogenase (SDH), and terminal 365 

electron acceptors, such as cytochrome oxidases or reductases (Fig. 1), is an essential 366 

element under aerobic respiratory conditions (Aussel et al., 2014.). Since the 367 

concentrations and yields of lactate changed little when the concentration of IPTG 368 

was higher than 200µM, the intracellular Q8 concentrations of MG1655(pTrc-lePGT) 369 

in five different IPTG concentrations, 0, 40, 80, 100, and 200µM, were investigated to 370 

demonstrate the effect of lePGT-1 expression on Q8 biosynthesis and further on 371 

lactate production. Without induction of lePGT-1 expression, the concentration of Q8 372 

was 1.28 nmol/mg CDW, which was highest among these conditions. After adding 373 

40µM of IPTG, the concentration of Q8 dropped dramatically, and reached only 374 
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22.6% of that of without induction, however the lactate production profile seemed to 375 

be similar as the control. In the condition of adding 80µM of IPTG, only 0.012 376 

nmol/mg CDW of Q8 accumulated in the cell, and the highest concentration of lactate 377 

was 2.64 times of that without adding IPTG. Interestingly, further increasing the 378 

concentration of IPTG changed little on the concentration of intracellular Q8, 379 

although it still had effect on the increasing the lactate accumulation. We speculated 380 

that the levels of intracellular Q8 biosynthesis were still controllable while the values 381 

of intracellular Q8 analyzed under those conditions were near the detectible limit 382 

levels.  383 

 384 

3.3 Further fine-tuning expression of lePGT-1 to control the ETC in an E. coli strain 385 

with reduced quinone synthesis activity. 386 

To further limit the substrates for Q8 synthesis, the ubiX mutant strain, which 387 

already has reduced the biosynthesis of Q8 in E. coli to 20-25% of the level of the 388 

wild type strain, was used as the host strain. However, the expression strength of 389 

lePGT-1 from pTrc-lePGT seemed to be too strong to allow survival of HW101 390 

(pTrc-lePGT) under fully aerobic conditions and the growth of HW101 (pTrc-lePGT) 391 

was unstable (data not shown). Thus, the lePGT-1 was moved to a low copy number 392 

plasmid, pBAD33, named as pBlePGT. The further fine-tuning of the expression of 393 

lePGT-1 in HW101 to control the ETC was investigated by adding different 394 

concentrations of inducer (arabinose), 0, 5, 10, 12, 16, 20, and 50mM. The data of 395 

metabolite production, glucose consumption, the cell density, and yield of lactate 396 

production are summarized in Fig 6. 397 

The changing trends of lactate production, acetate accumulation, and cell growth 398 

of HW101 (pBlePGT) in different concentrations of arabinose during the aerobic 399 
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culture were similar to the experiments performed in the MG1655(pTrc-lePGT). The   400 

lactate was reconsumed in the conditions of adding 0, 5, 10, and 12mM of arabinose 401 

rather than remaining at the same concentration for the rest of the fermentation as is 402 

found in the conditions of 16, 20, and 50 mM of arabinose (Figure 6A). When the 403 

concentration of arabinose was higher than 20 mM, the HW101 (pBlePGT) produced 404 

similar high level of lactate. In the conditions of adding 20 and 50 mM arabinose, the 405 

concentrations of lactate at 24 hours were 85.2 and 86.3, respectively (Figure 6A). 406 

Interestingly, the yields of lactate in both conditions reached the theoretical yield 407 

under fully aerobic conditions (around 2 mol lactate/mol glucose), with values 1.48 408 

times of that of MG1655(pTrc-lePGT) in the condition of adding 200 µM IPTG. The 409 

concentration of accumulated acetate decreased from 86.6 to 10.8 mM (Figure 6B). 410 

The lowest acetate concentration of HW101 (pBlePGT) was only 22.6% of that in 411 

MG1655(pTrc-lePGT) (47.8 mM). The ETC of HW101 (pBlePGT) was totally 412 

blocked upon adding 20 and 50 mM arabinose.  413 

The blocking of the ETC can also be achieved by knockout of the genes 414 

encoding the cytochrome proteins, cytochrome oxidase bd (cydAB), cytochrome 415 

oxidase bo (cyoABCD), putative cytochrome oxidase (cbdAB), and a quinol 416 

monooxygenase gene (ygiN) in E. coli (Portnoy et al., 2010). However, this method 417 

cannot fine-tune the activity of ETC for further controlling the carbon flux. It also 418 

needs adaptive evolution to achieve the ability of lactate production in the mutant 419 

strain. In our study, by affecting the low intracellular level of Q8 of E. coli, the large 420 

carbon flux from glucose can be controlled leading to changes in the ratios of lactate, 421 

acetate and CO2 (Fig. 7).  422 

  423 

3.4 Behavior of carbon burnt or CO2 released  424 
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To further clarify the impact of the two “metabolic transistor” strategies on the 425 

flux portioning at the pyruvate node, the carbon burnt which refers to the difference 426 

between glucose consumption and metabolite accumulation, and which can also be 427 

attributed to CO2 released from the culture, was investigated. The amounts of carbon 428 

burnt were calculated at the time points of highest lactate accumulation during the 429 

cultivation. To simplify the estimation, the biomass was assumed to derive from the 430 

LB medium, and the glucose supplemented was assumed to be mainly used for energy 431 

generation and metabolite production giving rise to lactate, acetate and CO2. Under 432 

this condition, most of the CO2 came from the TCA cycle and little CO2 can be 433 

produced through the oxidative pentose phosphate pathway (Zhu et al., 2011). The 434 

calculated results of these three sets of experiments are shown in Fig 8. 435 

 In the strategy of introducing the lycopene synthesis pathway in E. coli, the 436 

proportion of carbon burnt by MG1655(pACLyco) reached 36.7% and changed little 437 

compared to the control strain, MG1655(pACYC184) (Fig 8A). The fermentation and 438 

carbon burnt results suggested that the strength of draining the intermediates of Q8 439 

biosynthesis pathway by the lycopene synthesis was not strong enough to interfere 440 

with the ETC activity of the wild type MG1655. The manipulation of knockout ubiX 441 

reduced the Q8 production and affected the ETC activity. The proportion of carbon 442 

burnt by the ubiX mutant strain, HW101(pACYC184), reduced to 28.2%. In addition, 443 

introducing the lycopene synthesis pathway into HW101 can further reduce the 444 

carbon burnt to 11.8%. The same strategy was applied on the E. coli strain BW25113 445 

to form JW2308-4(pACYC184) and JW2308-4(pACLyco). Only 9.84% of carbon 446 

was burnt to CO2 by JW2308-4(pACYC184), interestingly, no carbon was burnt 447 

through the TCA cycle and the theoretical yield of lactate was produced by 448 

JW2308-4(pACLyco) under fully aerobic condition. The carbon burnt of 449 
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MG1655(pTr-lePGT) changed dramatically upon increasing the concentration of 450 

IPTG. However, when the concentration of IPTG reached more than 100 µM, the 451 

carbon burnt maintained at the similar level, about 11% (Fig 8B). An interesting 452 

observation is that the trend of the Q8 concentration of MG1655(pTr-lePGT) under 453 

different IPTG concentrations, reflecting the changing of ETC activity, seemed to be 454 

similar as the trend of carbon burnt (Fig 5). Further fine-tuning expression of lePGT-1 455 

(pBlePGT) in HW101, a strain with reduced quinone synthesis activity, were also 456 

evaluated. Zero carbon burnt was achieved when the concentration of arabinose was 457 

20 and 50 mM. Almost all of the carbon flux from glucose turned to lactate rather 458 

than acetate and CO2. It indicated that the ETC activities of JW2308-4(pACLyco) and 459 

HW101(pBlePGT) with high concentrations of inducer were completely shut down, 460 

and the NADH in both of the strains were consumed by the lactate dehydrogenase 461 

rather than the ETC. 462 

 463 

4. Conclusions 464 

In this study, a novel “metabolic transistor” approach was demonstrated by two 465 

strategies to finely controlling a large metabolic flux. A small change of the key 466 

participant, Q8 by manipulation of the quinone synthesis pathway of E. coli strain 467 

controlled the function of electron transfer chain, which then further affected the large 468 

flux of the central metabolic pathway away from the TCA cycle/ETC and toward 469 

lactate. A theoretical yield of lactate production under fully aerobic conditions via the 470 

in vivo, genetically tunable strategy in an E. coli strain was achieved. The results 471 

provide a novel means to control the activity of the electron transfer chain and 472 

manipulate the production of reduced products while consuming a defined amount of 473 

oxygen. 474 
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Figure captions: 584 

Fig. 1. Metabolic pathways and the respiratory chain of Escherichia coli, including 585 

the central aerobic pathway, ubiquinone synthesis pathway, and introduced synthetic 586 

pathways. idi, IPP isomerase; ispA, geranyl/farnesyl diphosphate synthase; ispB, 587 

octaprenyl diphosphate synthase; ubiA, 4-hydroxybenzoate octaprenyltransferase; 588 

ubiD, decarboxylase catalyzing the decarboxylation of 589 

4-hydroxy-3-octaprenyl-benzoate; ubiX, similar to ubiD, decarboxylase catalyzing the 590 

decarboxylation of 4-hydroxy-3-octaprenyl-benzoate; ubiE, C-methyltransferase; 591 

ubiG, O-methyltransferase; crtE,  geranylgeranyl diphosphate synthase;  crtB, 592 

phytoene synthase; crtI, phytoene desaturase; lepgt, geranyl 593 

diphosphate:4-hydroxybenzoate 3-geranyltransferase. IPP, isopentenyl diphosphate; 594 

DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate; GGPP, 595 

geranylgeranyl diphosphate; 4-HB, 4-hydroxybenzoate; G-4-HB, 596 

geranyl-4-hydroxybenzoate. 597 

 598 

Fig. 2. Metabolite and biomass accumulated profiles in aerobic cultures of 599 

MG1655(pACYC184), MG1655(pACLyco), HW101(pACYC184), 600 

HW101(pACLyco), and JW2308-4(pACLyco). The concentrations of (A) lactate, (B) 601 

acetate, (C) glucose remaining in the culture, (D) cell density (OD600). The lactate 602 

yields at the time point of the highest concentration of lactate of each strain (E). All 603 

measurements were done in triplicate. 604 

 605 

Fig. 3. The effect of exogenous addition of ubiquinone-1 to JW2308-4(pACLyco). (A) 606 

cell density (OD600), (B) the lactate yield. 607 

 608 
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Fig. 4. Metabolite and biomass accumulated profiles of MG1655(pTrc-lePGT) in 609 

different concentrations of IPTG addition. (A) lactate, (B) acetate, (C) glucose 610 

remaining in the culture, (D) cell density (OD600). The lactate yields at the time point 611 

of the highest concentration of lactate of each strain (E). All measurements were done 612 

in triplicate. 613 

 614 

Fig. 5. The Coenzyme Q8 concentration of strain MG1655(pTrc-lePGT) in the 615 

different IPTG concentrations from 0 to 200µM when the cell density reached to 1.0± 616 

0.2 (OD600). 617 

 618 

Fig. 6. Metabolite and biomass accumulated profiles of HW101(pBlePGT) in 619 

different concentrations of IPTG addition. (A) lactate, (B) acetate, (C) glucose 620 

remaining in the culture, (D) cell density (OD600). The lactate yields at the time point 621 

of the highest concentration of lactate of each strain (E). All measurements were done 622 

in triplicate. 623 

 624 

Fig. 7. The “metabolic transistor” strategy based on fine-tuning of gene expression of 625 

lePGT-1 to control the activity of the ETC and redistribute the metabolic fluxes. 626 

 627 

Fig. 8. Impact of controlling the ETC by the “metabolic transistor” strategy on the 628 

proportion  of “carbon burnt” by these engineered strains under fully aerobic 629 

conditions.  Carbon burnt refers to the difference between glucose consumption 630 

carbon and metabolite carbon accumulation, which can be attributed to CO2 released 631 

from the culture. The values were calculated at the time points with highest lactate 632 

concentrations. (A) the strategy of introducing a lycopene synthesis pathway in 633 



 28 

different background strains, (B) expression of lePGT-1 in MG1655 with different 634 

concentrations of IPTG, (C) expression of lePGT-1 in HW101 with different 635 

concentrations of arabinose. 636 

637 
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Table 1 638 

List of strains and plasmids used in this study. 639 

Strains and plasmids Relevant genotype or description Source or reference 
Strain 
MG1655 F- lambda- ilvG- rfb- rph- Coli Genetic Stock 

Center (CGSC) 
HW101 MG1655 ΔubiX- This study 
JW2308-4 BW25113 ΔubiX::kan Coli Genetic Stock 

Center (CGSC) 
Plasmids 
pACYC184 Cm resistant, Tc resistant Chang and Cohen, 

(1978) 

pACLyco pACYC184 carries crtE, crtI, and crtB from 
Erwinia herbicola 

Cunningham et al. 
(1994) 

pBAD33 cloning vector, Cm resistant, pACYC18 
origin vector Guzman et al. (1995) 

pBlePGT 

pBAD33 carries a geranyl  
diphosphate:4-hydroxybenzoate 
geranyltransferase from Lithospermum  
erythrorhizon (lePGT-1) 

This study 

pTrc99a cloning vector, Amp resistant, ColE1 origin 
vector Amersham Pharmacia 

pTrc-lePGT 

pTrc99a carries a geranyl  
diphosphate:4-hydroxybenzoate 
geranyltransferase from Lithospermum  
erythrorhizon (lePGT-1) 

This study 

 640 
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