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Abstract 

We previously engineered E. coli to overproduce medium- to long-chain saturated and 

monounsaturated methyl ketones, which could potentially be applied as diesel fuel blending 

agents or in the flavor and fragrance industry.  Recent efforts at strain optimization have focused 

on cofactor balance, as fatty acid-derived pathways face the systematic metabolic challenge of 

net NADPH consumption [in large part, resulting from the key fatty acid biosynthetic enzyme 

FabG (β-ketoacyl-ACP reductase)] and net NADH production.  In this study, we attempted to 

mitigate cofactor imbalance by heterologously expressing NADH-dependent, rather than 

NADPH-dependent, versions of FabG identified in previous studies.  Of the four NADH-

dependent versions of FabG tested in our previously best-reported methyl ketone-producing 

strain (EGS1895), the version from Acholeplasma laidlawii (Al_FabG) showed the greatest 

increase in methyl ketone yield in shake flasks (35-75% higher than for an RFP negative-control 

strain, depending on sugar loading). An improved strain (EGS2920) attained methyl ketone titers 

during fed-batch fermentation of 5.4 ± 0.5 g/L, which were, on average, ca. 40% greater than 

those for the base strain (EGS1895) under fermentation conditions optimized in this study. 

Shotgun proteomic data for strains EGS2920 and EGS1895 during fed-batch fermentation were 

consistent with the goal of alleviating NADPH limitation through expression of Al_FabG.  For 

example, relative to strain EGS1895, strain EGS2920 significantly upregulated glucose-6-

phosphate isomerase (directing flux into glycolysis rather than the NADPH-producing pentose 

phosphate pathway) and downregulated MaeB (a NADP+-dependent malate dehydrogenase). 

Overall, the results suggest that heterologous expression of NADH-dependent FabG in E. coli 

may improve sustained production of fatty acid-derived renewable fuels and chemicals. This 

article is protected by copyright. All rights reserved 
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1. Introduction 

Research on microbial production of biofuels and renewable chemicals over the past 

decade has included the development of fatty acid-derived molecules, such as fatty acid alkyl 

esters, medium- and short-chain methyl ketones, alkanes, α-olefins, long-chain internal alkenes, 

and fatty alcohols (Beller et al., 2015; Handke et al., 2011; Janßen and Steinbüchel, 2014; 

Lennen and Pfleger, 2013).  Although relatively good performance has been attained for some of 

these compounds (e.g., 40% of maximum theoretical yield; Goh et al. 2014), the fatty acid 

biosynthetic pathway presents metabolic challenges, particularly in maintaining intracellular 

redox balance among nicotinamide adenine dinucleotide (NAD) cofactors.  The primary demand 

for NADPH in E. coli’s fatty acid biosynthetic pathway derives from two reductases, FabG (β-

ketoacyl-ACP reductase) and potentially, FabI (enoyl-ACP reductase).  Whereas FabI displays 

activity with both NADH and NADPH (Bergler et al., 1996), FabG, which belongs to the short-

chain dehydrogenase/reductase enzyme family, is active only with NADPH in characterized 

versions (Toomey and Wakil, 1966). Using biosynthesis of a C13 methyl ketone (2-tridecanone) 

as an example of fatty acid-related cofactor requirements, production from glucose (via 

tetradecanoic acid) in E. coli using a previously developed pathway (Goh et al., 2014) would 

consume substantial NADPH while generating excess NADH.  Specifically, biosynthesis of 1 

mol of 2-tridecanone from glucose would result in net consumption of 6 (or 12) mol of NADPH 

and net production of 9 (or 15) mol of NADH, depending on FabI cofactor usage.  Such cofactor 

imbalance may not only cause cessation of important biochemical reactions within the cell but 

also result in oxidative stress (Auriol et al., 2011; Chou et al., 2015; Spaans et al., 2015). 

 Some of our earlier metabolic engineering efforts to improve production of diesel-range 

methyl ketones in E. coli were primarily focused on driving carbon flux towards fatty acid and 
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methyl ketone synthesis, which included genetic modifications such as: (a) overproduction of β-

ketoacyl-coenzyme A (CoA) thioesters achieved by modification of the β-oxidation pathway 

(specifically, overexpression of a heterologous acyl-CoA oxidase and native FadB, and 

chromosomal deletion of fadA), (b) overexpression of a native thioesterase (FadM), and (c) 

increasing fatty acid flux into the β-oxidation pathway by overexpression of FadR and FadD 

(Goh et al., 2014, 2012) (Figure S1). Further efforts, including consolidation of overexpressed 

genes into one plasmid, codon optimization, and chromosomal deletion of key acetate production 

pathways, resulted in an E. coli strain (EGS1895) that attained 40% of the maximum theoretical 

yield. More recently, we have shifted our focus towards cofactor imbalance, specifically 

consumption of NADPH during fatty acid biosynthesis.  Researchers have used a variety of 

strategies to address redox imbalance and cofactor usage, including altering the global 

availability of cofactors through metabolic engineering of the pentose phosphate pathway or 

overexpression of NADH oxidases, kinases, or transhydrogenases (Lee et al., 2009, 2013; Wang 

et al., 2013; Zerez et al., 1987). 

In this study, we describe a different strategy for alleviating high NADPH consumption 

and related cofactor imbalance: circumventing the NADPH requirement from the native E. coli 

FabG by overexpressing recently discovered NADH-dependent versions of FabG (Javidpour et 

al., 2014).  More specifically, we expressed four NADH-dependent versions of FabG in our 

previously best-reported methyl ketone-producing strain (EGS1895), and after identification of 

the most productive FabG version (from Acholeplasma laidlawii), conducted strain optimization 

of two- versus one-plasmid systems and variable positioning of fabG within the single plasmid.  

Finally, we conducted extensive shotgun proteomic studies of our best-performing strain 

(EGS2920; 5.4 ± 0.5 g/L during fed-batch fermentation) versus strain EGS1895 in fed-batch 
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mode to better understand the physiological differences that led to improved methyl ketone 

production in strain EGS2920 relative to strain EGS1895.  This study differs from a previous 

investigation of NADH-dependent FabG (Javidpour et al., 2014) in several important aspects: (1) 

the previous study focused on a NADH-dependent FabG version from Cupriavidis taiwanensis, 

not A. laidlawii, based solely on its in vitro performance, (2) the previous study employed 

anaerobic conditions for production studies, (3) the previous study used a less optimized methyl 

ketone-producing base strain that had 160-fold lower titer than the strain used in the present 

study (EGS1895), (4) optimized versions of strains expressing A. laidlawii fabG were 

constructed and tested in the present study, and (5) production tests in the present study involved 

fed-batch fermentation and shotgun proteomic characterization. 

2. Materials and Methods 

2.1 Bacterial strains, plasmids, oligonucleotides, and reagents   

 Bacterial strains and plasmids used in this study are listed in Table I. Strains and plasmids 

along with their associated information (annotated GenBank-format sequence files) have been 

deposited in the public version of the JBEI Registry (https://public-registry.jbei.org; entries 

JPUB_XXXX [to be added in proofs]) and are physically available from the authors and/or 

Addgene (http://www.addgene.org) upon request. Primer sequences and coding sequences for 

amplification of the rex repressor gene from S. aureus RN4220 and the alternate fabG versions 

are listed in Tables S1 and S2 (Appendix A).  

2.2 Plasmid and strain construction for expression in E. coli 

 Amplification of the S. aureus rex gene and the variant fabG genes was carried out by 

colony PCR of the applicable strains (Table I), with appropriate primers (Table S1), as 

previously described (Goh et al., 2012), and the amplicons were assembled into expression 
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plasmids by Gibson assembly (Gibson et al., 2009). Proper clone construction was confirmed by 

colony PCR followed by Sanger sequencing of the purified plasmid DNA, which was performed 

by GENEWIZ, Inc. (Berkeley, CA). 

2.3 Media and bacterial growth 

 Cultivation of E. coli was performed aseptically as previously described (Sambrook et al., 

1989). E. coli DH10B cells were used for cloning and lysogeny broth (LB) was used for routine 

growth and propagation of strains. When required, antibiotics were added to the growth medium 

at the following final concentrations: chloramphenicol, 25 μg/mL; kanamycin, 50 μg/mL.  For 

shake-flask production experiments, M9-MOPS minimal medium [M9 medium supplemented 

with 75 mM MOPS, 2 mM MgSO4, 1 mg/L thiamine, 10 nM FeSO4
.7H2O, 0.1 mM CaCl2

.2H2O, 

74.1 mM NH4Cl and micronutrients consisting of 30 nM (NH4)6Mo7O24, 4 µM boric acid, 30 nM 

CoCl2, 15 nM CuSO4, 80 nM MnCl2, and 10 nM ZnSO4] with 10 g/L or 20 g/L glucose as the 

sole carbon source was used for production (Zhang et al., 2012). Prior to production in M9-

MOPS minimal medium, strains were first adapted as previously described (Goh et al., 2014).  

2.4 Methyl ketone production experiments in shake flasks  

Prior to production in shake flasks, an aliquot of the previously frozen M9-MOPS-

adapted glycerol stock was used to inoculate 5 mL of M9-MOPS 1% glucose medium in a test 

tube to cultivate an overnight starter culture. At the start of production, the overnight culture was 

diluted to a final OD600 of ~0.01 into 50 mL of M9-MOPS medium with either 1% or 2% 

glucose in a 250-mL flat-bottom flask. Cultures were incubated at 37ºC on a shaking platform 

with 200-rpm agitation. The cultures were induced at 6 hr with 0.5 mM IPTG (isopropyl β-D-1-

thiogalactopyranoside) and 1 mM arabinose. Immediately after induction, 2.5 mL of decane 

(Sigma-Aldrich, ReagentPlus, ≥ 99% purity) amended with 1 mg/mL of 3-tetradecanone (Sigma-
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Aldrich) and 5 mg/L of perdeuterated tetracosane (C24D50, Sigma-Aldrich) as internal standards, 

was also added to the cultures.  

At specific time points, 50 µL of the decane overlay was removed to quantify methyl 

ketones by gas chromatography-mass spectrometry (GC-MS). Culture samples were also 

removed for OD600 measurement, and for sugar and organic acid analysis by high performance 

liquid chromatography (HPLC). Details of GC-MS and HPLC analyses were described 

previously (Goh et al., 2014). Methyl ketones were quantified using the MassHunter quantitative 

analysis software and final concentrations of methyl ketones were normalized to the 3-

tetradecanone internal standard that was initially amended in the decane or dodecane.  

Metabolites measured by HPLC were quantified by using external standard calibration with 

authentic standards. 

2.5 Fed-batch fermentation in 2-L bioreactors for methyl ketone production   

 Fed-batch fermentation was carried out in a 2-L bioreactor equipped with a Sartorius 

BIOSTAT® B plus control unit for regulating dissolved oxygen (DO), pH, and temperature. A 

50-mL M9-MOPS overnight culture prepared from a frozen glycerol stock of the M9-MOPS-

adapted cells was cultured in a 250-mL flask, as previously described. This culture was used to 

inoculate 1.25 L of medium in the bioreactor. The medium for batch phase was adapted from 

Korz et. al. (Korz et al., 1995) and was composed of M9 salts (6.8 g/L Na2HPO4, 3.0 g/L 

KH2PO4, 1.0 g/L NH4Cl, 0.5 g/L NaCl) supplemented with 0.5 g/L of MgSO4
.7H2O, 0.18 g/L of 

NH4Cl, 1.0 mg/L thiamine, 10 nM of FeSO4
.7H2O, 100 µM CaCl2.2H2O, micronutrients (as 

described above), 20 g/L of glucose, and appropriate antibiotics. The temperature of the 

bioreactor was maintained at 37ºC throughout the fermentation and the culture was maintained at 

pH 6.5 automatically by the addition of a 10 M potassium hydroxide solution. The initial stir rate 
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and airflow were set at 400 rpm and 0.72 VVM (volume of air per volume of liquid per minute), 

respectively. Dissolved oxygen was maintained above 40% of saturation via cascade control of 

air-flow rate (up to 2.0 VVM), followed by adjustment of stirrer speed (up to 1600 rpm). 

Cultures were induced with 1 mM arabinose and 0.5 mM IPTG at 6 hr after initiation of batch 

phase. In addition, 150 mL of dodecane (Sigma-Aldrich, ReagentPlus ≥ 99% purity) amended 

with 3 mg/mL of 3-tetradecanone (Sigma-Aldrich) as an internal standard, was added into the 

bioreactors. Batch phase was carried out until glucose was depleted (between 30 - 45 hr), at 

which time glucose feeding was initiated. The feed solution contained approximately 200 g/L 

glucose, 5 g/L MgSO4
.7H2O, 10.7 g/L NH4Cl, trace elements [consisting of 16 mg/L EDTA, 3.8 

mg/L CoCl2
.6H2O, 22.5 mg/L MnCl2

.4H2O, 2.3 mg/L CuCl2
.2H2O, 4.5 mg/L boric acid, 16.3 

mg/L Zn(CH3COO)2
.2H2O, 161 mg/L ferrous citrate], 3 mg/L thiamine, 1 mM arabinose, 0.5 

mM IPTG, and appropriate antibiotics. Glucose feeding was carried out by a Watson-Marlow 

DU520 peristaltic pump set at a constant feed rate of 0.048 mL/min to 0.056 mL/min until all 

feed solution had been added (ca. 500 mL).  

 At specific time points, 10- to 15-mL samples were removed from the bioreactors via a 

syringe affixed to the sampling tube while the stirrer was still operating. Approximately 50 µL of 

cell cultures were filtered through a 0.2-µm pore-size syringe membrane filter directly into a vial 

for HPLC analysis and the rest of the cultures transferred to a 15-mL Falcon tube. After allowing 

the samples to sit in the 15-mL tube for 1 min, the supernatant dodecane overlay was pipetted out 

into a 2-mL microcentrifuge tube and centrifuged at 21,130 x g for 10 min to obtain a better-

resolved aqueous-organic interface. The dodecane overlay was transferred into a glass vial and 

stored at 4ºC until GC-MS analysis.  
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2.6 Cell dry weight analysis of bioreactor samples 

 To determine the cell dry weight (CDW) of bioreactor samples, 5 mL of cell culture was 

filtered through a pre-weighed 0.45-µm Millipore cellulose acetate membrane and rinsed twice 

with 5 mL of reagent water (18 MΩ resistance; obtained from a Barnstead Nanopure system; 

Thermo Scientific, Waltham, MA). The filtered cells and membrane were baked in a 100ºC oven 

and re-weighed after 48 hr. The CDW was calculated by subtracting the weight of the empty 

membrane from the final weight of the dried cells and membrane. 

2.7 Quantification of intracellular concentration of redox cofactors during fermentation 

The intracellular concentrations of NAD+, NADH, NADP+, and NADPH were each 

determined using Enzychrom NAD+/NADH and NADP+/NADPH assay kits (Bioassay Systems, 

Hayward, CA). Between 0.25 and 1 mL of cultures was removed from the bioreactors at various 

time points and the biochemical assay was performed as described in the manufacturer's 

instructions. Concentrations of cofactors were normalized to cell dry weight.  

2.8 Proteomic profiling of methyl ketone production strains during fermentation 

Proteomic analysis of methyl ketone production strains during fermentation was 

performed by extracting total proteins and analyzing trypsin-digested peptides, as described 

elsewhere (González Fernández-Niño et al., 2015). LC-MS/MS shotgun proteomic analyses of 

the trypsin-digested samples and subsequent protein identification were performed by the UC 

Davis Genome Center, Proteome Core group (Davis, CA) as previously described (Zargar et al., 

2016).  

The resulting protein matches were further filtered and validated using Scaffold (version 

Scaffold_4.7.3, Proteome Software Inc., Portland, OR). Protein identifications were accepted if 

they could be established at >95.0% probability and contained at least 1 identified peptide (at 
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99% and greater). This resulted in false discovery rates (FDR) of 3.9% for protein and 0.1% for 

peptides. After filtering the data with Scaffold, identified proteins that had a normalized 

weighted spectra value >10 in at least one sample were then exported into R for statistical 

analysis. In some samples, certain proteins of interest (in particular, Rex and Al_FabG in strain 

EGS1895) exhibited zero spectral counts. These data were assigned an arbitrary value of 0.5 

rather than 0 to preclude calculation of a ratio with a 0 denominator. 

3. Results and Discussion 

3.1 Optimization of fed-batch fermentation for methyl ketone production in strain EGS1895 

 Previously, we demonstrated up to 3.4 g/L of methyl ketone production at 45 hr by fed-

batch fermentation of strain EGS1895 (with a yield of 0.042 g MK/g glucose), but methyl ketone 

production stalled after 45 hr despite continued feeding of glucose (Goh et al., 2014). In this 

study, we attempted to improve and prolong methyl ketone production by modifying the fed-

batch fermentation process. Key adjustments to the fermentation process included the following: 

(1) constant glucose feeding rather than pulsed feeding that was feedback-regulated by DO 

levels, (2) maintaining higher DO in the bioreactors, and (3) lowering concentration of NH4Cl in 

the batch medium from 0.2 g/g of glucose to 0.05 g/g of glucose and maintaining this ratio 

throughout fed-batch fermentation. With these modifications, we reached a methyl ketone titer of 

4.4 g/L at 55 hr (Figure S2), and more importantly, achieved a yield of 0.14 g MK/g glucose (ca. 

42% of maximum theoretical yield), which is an improvement over the previously reported fed-

batch yield and is comparable to the yield observed in shake-flask experiments. However, as in 

previous fermentations, methyl ketone production started to plateau after 55 hr (Figure S2). In 

fact, when methyl ketone production plateaued, glucose consumption and cell growth continued 

unabated, suggesting a physiological change in strain EGS1895 that led to the cessation of 
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methyl ketone production.  The suspicion that cofactor imbalance, and specifically NADPH 

limitation and net NADH accumulation, might have triggered this apparent physiological change 

led us to investigate whether use of an NADH-dependent version of FabG would enable 

sustained methyl ketone production. 

3.2 Overexpressing A. laidlawii FabG improves methyl ketone production in shake-flask 

experiments 

 Since the bulk of NADPH consumed during fatty acid biosynthesis is accounted for by 

FabG-catalyzed reduction of β-ketoacyl-ACPs to β-hydroxyacyl-ACPs, one potential strategy for 

improving methyl ketone production is to change the cofactor requirement of FabG from 

NADPH to NADH.  In 2014, four different FabG variants (from Acholeplasma laidlawii PG-8A, 

Bacillus sp. SG-1, Cupriavidus taiwanensis LMG 19424, and Plesiocystis pacifica SIR-1) were 

identified as candidates having greater preference for NADH than NADPH, and this was 

experimentally verified in vitro (Javidpour et al., 2014).  We set out to examine whether 

overexpression of any of these FabG variants would improve methyl ketone production under 

aerobic conditions. Thus, the FabG variants (and an RFP control) were each expressed in a 

medium-copy p15a origin of replication (ori) plasmid, which was co-transformed with the high-

copy ColE1 ori plasmid (pEG1675; Goh et al. 2014) that contained the methyl ketone pathway 

genes (Table I). In addition, we placed the fabG variants under the transcriptional control of the 

adhE promoter and its corresponding transcriptional repressor, Rex, from Staphylococcus aureus 

RN4220 (Pagels et al., 2010). Regulation by the Rex repressor is modulated by the 

NADH/NAD+ ratio:  transcription is repressed under a low intracellular ratio and activated under 

a high intracellular ratio (McLaughlin et al., 2010; Pagels et al., 2010). Thus, placing the FabG 

variants under the regulation of Rex allowed us to modulate the expression of NADH-dependent 
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FabG based upon the intracellular NADH/NAD+ ratio.  The red color observed for the RFP 

control strain (EGS2710) demonstrated that gene expression modulated by the Rex system was 

occurring under the cultivation conditions. 

Among the four different FabG variants overexpressed, only the A. laidlawii FabG 

(Al_FabG), expressed in strain EGS2715 (Table I), showed improvement of methyl ketone 

production under batch conditions in shake flasks (Figure 1, Table S3). On average, strain 

EGS2715 had 35% and 75% higher methyl ketone yield than an RFP negative-control strain 

(EGS2710) in the presence of 1% and 2% glucose, respectively.  However, in comparison to 

strain EGS1895, our best methyl ketone production strain that harbors only a single plasmid 

(Goh et al. 2014), the improvements were somewhat lower (19% and 40% with 1% and 2% 

glucose, respectively). It is possible that the lower methyl ketone production in the two-plasmid 

control strain (EGS2710) relative to the 1-plasmid strain (EGS1895) was the result of a 

metabolic burden imposed by the second plasmid.  

3.3 The two-plasmid methyl ketone production strain is unstable and shows plasmid loss 

during fed-batch fermentation 

 Although strain EGS2715 exhibited between 19 to 75% better methyl ketone production 

than its corresponding control strain, EGS2710, and previous best methyl ketone-producing 

strain, EGS1895, in shake flasks, we did not observe the same levels of improvement during fed-

batch fermentation (Table S4, Figure 2). The average methyl ketone titers for strains EGS2710 

and EGS1895 were ca. 4.0 g/L and 3.9 g/L, respectively, while an average methyl ketone titer of 

ca. 4.4 g/L was achieved for strain EGS2715; this represented only a 10% improvement relative 

to strain EGS1895.  
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Plasmid DNA samples were isolated from strain EGS2715 at various time points and 

analyzed on a DNA agarose gel after restriction enzyme digestion. The agarose gel revealed that 

some of the expected DNA fragments were not present at later time points, suggesting plasmid 

loss in the strain over time (Figure 3A). Since the single-plasmid strain, EGS1895, did not show 

the same plasmid instability (Figure S3), it is evident that the presence of the second plasmid 

contributed to plasmid instability within the strain. A closer examination of the DNA fragments 

on the agarose gel reveals that the majority of the DNA fragments lost corresponded to 

pEG1675, a ColE1-derived plasmid (Table I). Since pEG1675 contains the methyl ketone 

pathway genes, loss of this plasmid would result in lower expression of the pathway enzymes 

and consequently, lower methyl ketone production. As expected, we observed that the plateau in 

methyl ketone production corresponded to times after which plasmid loss was observed (Figure 

3B). The loss of ColE1-derived plasmids in the presence of p15a-derived plasmids is not 

unprecedented. Yao and colleagues showed that co-transformation of ColE1- and p15a-dervived 

plasmids resulted in the loss of ColE1-derived plasmids and hypothesized that the presence of a 

p15a-derived plasmid somehow interfered with the proper localization of a ColE1-derived 

plasmid toward the middle of the cell during replication (Yao et al., 2007).  

3.4 Consolidating the A. laidlawii fabG gene and the methyl ketone pathway genes into one 

plasmid improved plasmid stability and methyl ketone production 

 Since it was established that the presence of the p15a plasmid led to plasmid instability 

during fed-batch fermentation, we proceeded to consolidate the Al_fabG and the methyl ketone 

pathway genes into a single plasmid. To accomplish this, the rex-PadhE-Al_fabG fragment from 

pEG2695 (Table I) was assembled downstream of the ColE1 ori in pEG1675 at the SpeI site 

(Figure 4A), resulting in plasmid pEG2826 (Figure 4B; Table I). The methyl ketone production 



 
 

  
 A

cc
ep

te
d

 P
re

p
ri

n
t

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
 
 

This article is protected by copyright. All rights reserved 
 

strain EGS2850 harboring plasmid pEG2826 was tested under fed-batch conditions and was 

found to produce an average of ca. 2.6 g/L of methyl ketones, a titer that was substantially lower 

than that of strain EGS1895 (Figure 2; Table S4). We then proceeded to alter the location of the 

rex-PadhE-Al_fabG fragment, this time cloning the fragment upstream of the ColE1 ori at the PciI 

site, to generate pEG2895 (Figure 4C).  The resulting production strain EGS2920, containing 

plasmid pEG2895, was subsequently tested under fed-batch conditions and attained an average 

titer of ca. 5.4 g/L over three fermentation runs (Figure 2; Table S4). This represented greater 

than 2-fold improvement in methyl ketone production over strain EGS2850 and almost 40% 

improvement over the previous best strain, EGS1895 (Figure 2).  Notably, in one of the 

fermentation runs with strain EGS2920, a methyl ketone titer of ca. 6.0 g/L was achieved (Figure 

S4), which is the best titer reported for methyl ketones to date.  

Proteomic analysis of strains EGS2850 and EGS2920 during fed-batch fermentation 

revealed that the expression of most methyl ketone pathway enzymes, including FadR, FadD, 

acyl-CoA oxidase (ACO, or Mlut_11700), and FadB, were, on average, 3.6-fold lower in strain 

EGS2850 than in strain EGS2920 (Table S5), which readily explains the lower methyl ketone 

production in strain EGS2850. It is still uncertain why altering the location of the rex-PadhE-

Al_fabG fragment relative to the ColE1 ori impacted expression of the other genes on the 

plasmid, but it has been well documented that, because DNA replication and transcription occur 

simultaneously, collision between DNA replication machinery and RNA polymerase can disrupt 

transcription and DNA replication, specifically when these enzymes are oriented head-on (Lin 

and Pasero, 2012; Mirkin and Mirkin, 2005; Srivatsan et al., 2010). Although this may explain 

the attenuated expression observed in strain EGS2850, more recently, Bryant and colleagues 

(2014) observed another potentially relevant phenomenon: when transcription of a reporter 
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cassette was directed towards another transcription unit downstream, the expression of its 

neighboring genes was profoundly repressed, irrespective of orientation, due to the supercoiling 

created ahead of RNA polymerase, which in turn decreased the ability of RNA polymerase to 

access downstream genes for transcription (Bryant et al., 2014). It is conceivable that the 

position of the rex-PadhE-Al_fabG fragment in the first single-plasmid construct (pEG2826; 

Figure 4B) may have had a similar effect on the transcription of its neighboring genes, while 

location of the rex-PadhE-Al_fabG fragment on the second plasmid construct (pEG2895; Figure 

4C) precluded this phenomenon.  

3.5 Methyl ketone production in fed batch mode in strains with and without NADH-dependent 

FabG (strains EGS2920 and EGS1895, respectively). 

Methyl ketone titer after 145 hr of fed-batch fermentation was ~20% greater for strain 

EGS2920 than strain EGS1895 (Figure 5A,B), and comparison of the performance of the two 

strains reveals several interesting trends. First, methyl ketone productivity was initially higher for 

strain EGS1895 than for strain EGS2920 (e.g., for the first 55 hr), but production plateaued soon 

thereafter (at ca. 70 hr; Figure 5A). Despite having initially lower productivity, strain EGS2920 

sustained methyl ketone production much longer than strain EGS1895 (through 150 hr; Figure 

5A) and this accounts for the higher final titer for strain EGS2920. Second, strain EGS1895 

accumulated greater amounts of pyruvate and acetate than EGS2920 during fed-batch 

fermentation. Specifically, EGS1895 showed a steady increase in acetate accumulation 

throughout fermentation, reaching a final concentration of ca. 6.0 g/L, and had an abrupt increase 

in pyruvate that co-occurred with the plateauing of methyl ketone production. In contrast, strain 

EGS2920 had little or no pyruvate accumulation during the entire course of fermentation, while 

acetate accumulation was consistently below 1 g/L, with a brief spike in acetate near the end of 
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fermentation that never exceeded 2 g/L, and the acetate was completely re-assimilated after all 

the glucose was exhausted (Figure 5A). Interestingly, the brief increase in acetate accumulation 

in strain EGS2920 also corresponded to when methyl ketone production began to plateau.  

It is surprising to observe acetate accumulation in strains EGS1895 and EGS2920 even 

though the major acetate-producing pathways (ackA-pta and poxB) have been deleted in both 

strains (Table I).  However, Phue and colleagues observed the same phenomenon in E. coli BL21 

and proposed that other deacetylating enzymes, such as acetoacetyl-CoA transferases (AtoA, 

AtoD), or cysteine synthases (CysM, CysK), could contribute to the accumulation of acetate in 

such strains (Phue et al., 2010). In fact, according to EcoCyc (http://ecocyc.org), there are at least 

10 alternate enzymes in E. coli that catalyze acetate-producing reactions. Based upon our 

shotgun proteomics data, AldB, which converts acetaldehyde to acetate while generating a 

molecule of NADPH, and NagA, a N-acetylglucosamine-6-phosphate deacetylase, were both 

detected and are potential sources of acetate (Supplementary Data File S1).   

3.6 Proteomic profiles of strains EGS2920 and EGS1895 during fed-batch fermentation 

To better understand the physiological differences that led to improved methyl ketone 

production in strain EGS2920 relative to strain EGS1895, we analyzed the proteomic profiles of 

both strains. Proteins that were at least 1.5-fold significantly (p ≤ 0.05) upregulated or 

downregulated in strain EGS2920 compared to EGS1895 are summarized in Supplementary 

Data File S1 and volcano plots highlighting the differential expression of proteins at various time 

points (50 hr, 70 hr, and 120 hr) are displayed in Figure 6. As expected, the two most highly 

upregulated proteins in strain EGS2920 at all times were Rex and Al_FabG, since these proteins 

are not present in strain EGS1895. 
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Since our engineering strategy for using NADH-dependent FabG (Al_FabG) was 

predicated on alleviating NADPH limitation, we examined the proteomic data for evidence of 

whether NADPH demand was indeed alleviated in strain EGS2920.  Table II lists key E. coli 

enzymes involved in NADPH production (Csonka and Fraenkel, 1977) and their differential 

expression in strains EGS1895 and EGS2920. Most of these proteins do not show significant 

differential expression, but Pgi (glucose-6-phosphate isomerase) was significantly (typically p ≤ 

0.05 across all time points) upregulated in strain EGS2920, whereas MaeB (a NADP+-dependent 

malate dehydrogenase) was significantly downregulated in EGS2920 (at 50 and 70 hr). Although 

Pgi is not a NADPH-generating enzyme per se, it drives flux towards glycolysis and away from 

the NADPH-generating oxidative branch of the pentose phosphate pathway (PPP). This increase 

in Pgi expression, along with lower expression of MaeB, in strain EGS2920 suggests that there 

might be a lower demand for NADPH in this strain than in strain EGS1895.  These results are 

consistent with those of bioassays for intracellular NADPH and NADP+, which showed higher 

NADPH/NADP+ ratios for strain EGS2920 than EGS1895 (Figure S5A) but no consistent trend 

for NADH/NAD+ ratio (Figure S5B) throughout most of the fed-batch fermentation. Increased 

flux through glycolysis is also suggested by the upregulation of a subset of Cra-repressed 

proteins in strain EGS2920 (Table S6). Fructose 1,6-bisphosphate (FBP), a known effector of the 

Cra regulator (Chin et al., 1989; Ramseier et al., 1995; Shimada et al., 2005), is also a 

downstream product of the Pgi-catalyzed reaction. Increased expression of Pgi likely increased 

intracellular concentration of FBP, which would allow for FBP to interact with Cra and induce a 

conformational change that released Cra from the transcriptional repression of these Cra-

regulated proteins. 
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In addition to the NADPH demand from fatty acid biosynthesis, oxidative stress 

response, as indicated by the high expression of catalases (KatE, KatG) and the alkyl 

hydroperoxide reductase (AhpCF) in both strains (Supplementary Data File S1), may also have 

added to the cellular demand for NADPH. Stimulation of the oxidative stress response in these 

engineered strains is not surprising since the overexpressed acyl-CoA oxidase (ACO) enzyme 

(encoded by Mlut_11700) generates H2O2 as part of the reaction it catalyzes, namely, oxidation 

of an acyl-CoA to an enoyl-CoA (Figure S1). It has been well documented that (1) NADPH is 

important for defense against oxidative stress, as it plays an important role in regenerating the 

oxidized glutathione, thioredoxin, and glutaredoxin systems involved in maintaining disulfide 

bridges in proteins and in protection from oxygen radicals (Carmel-Harel and Storz, 2000; Izawa 

et al., 1995; Prinz et al., 1997) and (2) mutations that disrupt the PPP result in cells being more 

susceptible to oxidative stress, presumably due to lack of NADPH regeneration (Juhnke et al., 

1996; Rungrassamee et al., 2008; Sandoval et al., 2011). Therefore, overexpression of the 

Al_FabG in strain EGS2920 may not just be relieving the NADPH demand for methyl ketone 

synthesis but also making more NADPH available for combatting H2O2-mediated oxidative 

stress, all of which may contribute to improved methyl ketone production.  

Another group of stress-related proteins showed strong differential expression in this 

study, and were expressed much more highly in strain EGS1895 than in strain EGS2920: these 

include glutamate decarboxylase (GadA, GadB, GadC) and the maltose transporter (MalE) 

(Table S6), which have been related to acid stress (Maurer et al., 2005). Although the differential 

expression may simply be a direct result of increased organic acid (e.g., acetate, pyruvate, 

lactate) production in strain EGS1895, these genes are also known to have overlapping response 

to oxidative stress (Basak and Jiang, 2012; Maurer et al., 2005; Zheng et al., 2001). Thus, it is 
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also possible that the shortage of NADPH in strain EGS1895 elicited a stronger oxidative stress 

response.  

Proteomic analysis may also provide further information about why methyl ketone 

production plateaued in both strain EGS1895 and EGS2920 (albeit at different times) despite 

continued glucose consumption and growth during the plateau period (Figure 5).  As just 

discussed, there are indications that limited NADPH availability compromised strain EGS1895 

relative to strain EGS2920 throughout much of the fermentation period.  However, there may 

have been some common physiological and stress-related phenomena that were shared by both 

strains during their plateau phases (after ~70 hr for EGS1895 and after ~120 hr for EGS2920; 

Figure 5A).  We examined proteomic profiles during these periods by normalizing all protein 

abundances for each strain at 70 and 120 hr relative to those at 50 hr (Supplementary Data File 

S2) and focused on upregulation or downregulation patterns common to the plateaus in both 

strains (strain EGS1895 at 70 and 120 hr and strain EGS2920 at 120 hr) but not common to 

strain EGS2920 at 70 hr, at which time methyl ketone production was still occurring (Figure 

5A).  We found that, for both strains, certain stress-related proteins were more upregulated 

during the plateau period than during the productive period (typically p <0.01), including GadA 

and GadB (glutamate decarboxylase subunits, already discussed), HdeA and HdeB (acid-stress 

chaperones), and the universal stress protein, UspA (Figure S6A).  So, while strain EGS1895 

may have undergone more stress due to NADPH limitations throughout fermentation, both 

strains EGS1895 and EGS2920 were undergoing some similar stresses during the plateau period.  

In addition, an important protein involved in fatty acid biosynthesis (AccB, or acetyl-CoA 

carboxylase subunit B) was markedly (5- to 6-fold) downregulated in both strains (Figure S6B) 

during their plateau periods (p <0.002).  As fatty acids are methyl ketone precursors, disruption 
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of fatty acid synthesis after ~70 hr (strain EGS1895) or ~120 hr (EGS2920) could have affected 

methyl ketone production. 

 Shotgun proteomics profiling provided us with global insights into the physiological state 

of methyl ketone production strains, and will serve to guide strain optimization efforts in the 

future. In particular, proteomics data indicated that oxidative stress (perhaps in part from 

pathway-derived H2O2) may play an important role during methyl ketone production and 

therefore, enhancing tolerance to oxidative stress may be critical to prolonging and enhancing 

methyl ketone production during fed-batch fermentation.  
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Table I. Bacterial strains and plasmids used in this study 

Strain or 

plasmid 
Relevant Characteristics 

Source or 

reference 

E. coli strains   

DH1 endA1 recA1 gyrA96 thi-1 glnV44 relA1 hsdR17(rK
- 

mK
+) λ- 

(Meselson and 

Yuan, 1968) 

LT-∆fadE DH1 ∆fadE with pKS1 (Steen et al., 

2010) 

EGS1405 LT-∆fadE, ∆poxB, ∆ackA-pta  

EGS1895 EGS1405 with pEG1675 (Goh et al., 2014) 

EGS2710 EGS1405 with pEG1675 and pEG2650 This study 

EGS2715 EGS1405 with pEG1675 and pEG2695 This study 

EGS2720 EGS1405 with pEG1675 and pEG2700 This study 

EGS2725 EGS1405 with pEG1675 and pEG2705 This study 

EGS2735 EGS1405 with pEG1675 and pEG2730 This study 

EGS2850 EGS1405 with pEG2826 This study 

EGS2920 EGS1405 with pEG2895 This study 

PJ002 BL21(DE3) with pPJ101 (Javidpour et al., 

2014) 

PJ003 BL21(DE3) with pPJ102 (Javidpour et al., 

2014) 

PJ004 BL21(DE3) with pPJ104 (Javidpour et al., 

2014) 

PJ005 BL21(DE3) with pPJ103 (Javidpour et al., 

2014) 

   

Other strains   

S. aureus 

RN4220 

A strain with partial agr defect, selected for 

transformability with DNA from E. coli 

(Kreiswirth et al., 

1983) 
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Plasmids   

pBbA5c-RFP Cmr; p15a derivative containing RFP under the lactose 

promoter (PlacUV5). 

(Lee et al., 2011) 

pBbE8k-RFP Kmr; ColE1 derivative containing RFP under the 

arabinose promoter (PBAD). 

(Lee et al., 2011) 

pEG1675 Kmr, ColE1-derived plasmid with the entire methyl 

ketone pathway expressed.  

(Goh et al., 2014) 

pEG2650 Cmr, Gibson assembly of the 636-bp rex gene and 85-

bp adhE promoter (PadhE) region from S. aureus into 

pBbA5c-RFP at the SalI and EcoRI sites.  

This study 

pEG2695 Cmr; Gibson assembly of the 723-bp fabG gene from 

pJP101 into pEG2650 at the NdeI and BamHI 

This study 

pEG2700 Cmr; Gibson assembly of the 741-bp fabG gene from 

pJP104 into pEG2650 at the NdeI and BamHI 

This study 

pEG2705 Cmr; Gibson assembly of the 774-bp fabG gene from 

pJP103 into pEG2650 at the NdeI and BamHI 

This study 

pEG2730 Cmr; Gibson assembly of the 732-bp fabG gene from 

pJP102 into pEG2650 at the NdeI and BamHI 

This study 

pEG2826 Kmr, Gibson assembly of ~1.7-kb fragment of rex-

PadhE-Al_fabG fragment from pEG2695 into EG1675 at 

the SpeI sites. 

This study 

pEG2895 Kmr, Gibson assembly of ~1.7-kb fragment of rex-

PadhE-Al_fabG fragment from pEG2695 into pEG1675 

at the PciI sites. 

This study 

pPJ101 Kmr, fabG gene from Acholeplasma laidlawii PG-8A 

cloned into pET24(+) vector 

(Javidpour et al., 

2014) 

pPJ102 Kmr, fabG gene from Bacillus sp. SG-1 cloned into 

pET24(+) vector 

(Javidpour et al., 

2014) 
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pPJ103 Kmr, fabG gene from Plesiocystis pacifica SIR-1 

cloned into pET24(+) vector 

(Javidpour et al., 

2014) 

pPJ104 Kmr, fabG gene from Cupriavidus taiwanensis LMG 

19424 cloned into pET24 vector 

(Javidpour et al., 

2014) 
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Table II. Differential expression of key enzymes that impact generation of NADPH in E. coli 
 

Enzyme Pathway 
Protein fold changea p-value  

50h 70h 120h 50h 70h 120h 

Pgi Glycolysis 2.0 1.5 1.8 4.3x10-3 1.8 x10-4 1.1 x10-5 

Zwf PPP 1.5 1.3 1.1 1.3 x10-3 1.3 x10-2 4.1 x10-1 

Gnd PPP 1.0 1.0 0.85 7.5 x10-1 8.9 x10-1 5.0 x10-2 

Icd TCA 1.1 1.1 0.96 3.8 x10-1 6.4 x10-1 1.4 x10-1 

MaeB TCA 0.26 0.51 2.0 6.3 x10-2 5.4 x10-2 1.5 x10-2 

PntA Transhydrogenase 0.79 0.80 1.1 3.9 x10-2 3.8 x10-1 6.2 x10-1 

PntB Transhydrogenase 0.78 0.48 0.61 5.6 x10-2 1.7 x10-1 3.0 x10-1 
aProtein fold change is based on the ratio of normalized weighted spectra for the protein in strain 
EGS2920 relative to that in the reference strain (EGS1895) at three time points. 
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FIGURE LEGENDS 

Figure 1 Methyl ketone yields of strains overexpressing the alternate FabGs from A. laidlawii 

(EGS2715), C. taiwanensis (EGS2720), P. pacifica (EGS2725), Bacillus sp. SG-1 (EGS2735), 

and an RFP control (represented in red; EGS2710) at 96 hr. Methyl ketone yield is normalized to 

EGS1895 (represented in black) with 1% glucose (lighter shade) and 2% glucose (darker shade), 

respectively. Error bars represent 1 standard deviation. 

 

Figure 2 Average methyl ketone titer after 200 hr of fed-batch fermentation for selected methyl 

ketone-producing strains. Gray bars represent strains containing two plasmids and black bars 

represent strains containing one plasmid. Error bars represent 1 standard deviation. 

 

Figure 3 (A) DNA electrophoresis gel of plasmid samples (200 ng) extracted from strain 

EGS2715 at various time points (indicated in hr) during fed-batch fermentation and digested 

with BamHI and EcoRI. Red arrows indicate DNA bands corresponding to pEG1675 that are 

missing after 120 hr of fermentation. (B) Methyl ketone titer of strain EGS2715 during 

fermentation; the blue arrow indicates detection of plasmid loss, which corresponded to a plateau 

in methyl ketone titer. 

 

Figure 4 Vector maps of (A) pEG1675 plasmid and insertion of the rex-PadhE-Al_fabG fragment 

relative to the ColE1 ori (highlighted in yellow), resulting in plasmids (B) pEG2826 and (C) 

pEG2895. 
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Figure 5 A representative plot of fed-batch fermentation for strains EGS1895 (dashed lines) and 

EGS2920 (solid lines), showing trends for (A) methyl ketone titers, organic acid production, and 

cell dry weight (CDW) and (B) consumed glucose and methyl ketone yield.  

 

Figure 6 Volcano plots (p-value vs. log2 fold differential expression) for proteins detected in 

strains EGS2920 and EGS1895 at 50, 70, and 120 hr during fed-batch fermentation. Relative 

fold change for a given protein was calculated as the log2 ratio of the normalized weighted 

spectra in strain EGS2920 divided by that in strain EGS1895. Proteins more highly expressed in 

strain EGS1895 are skewed toward the negative x axis, whereas proteins more highly expressed 

in strain EGS2920 are skewed toward the positive x axis. Proteins that have less than 1.5 fold 

change or are not significantly differentially expressed (p > 0.05; below the grey dashed line) are 

highlighted in grey. Proteins that are significantly (p ≤ 0.05; above the grey dashed line) and 

more than 1.5 fold upregulated, or downregulated, in strain EGS2920 are highlighted in green 

and red, respectively. In addition, key enzymes involved in NADPH generation are highlighted 

in dark blue, acid/H2O2 stress-related proteins are highlighted in light blue, and Cra-regulated 

proteins are highlighted in purple (see text). 
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Figure 1 
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Figure 2 
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Figure 3 

  



 
 

  
 A

cc
ep

te
d

 P
re

p
ri

n
t

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
 
 

This article is protected by copyright. All rights reserved 
 

 

Figure 4 
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Figure 5 
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Figure 6 

 
 


