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ABSTRACT

Optimizing the productivity of bioengineered strains requires balancing ATP generation and carbon
atom conservation through fine-tuning cell respiration and metabolism. Traditional approaches
manipulate cell respiration by altering air feeding, which are technically difficult especially in large
bioreactors. An approach based on genetic regulation may better serve this purpose. With excess
oxygen supply to the culture, we efficiently manipulated Escherichia coli cell respiration by adding
different amount of coenzyme Q1 to strains lacking the ubiCA genes, which encode two critical
enzymes for ubiquinone synthesis. As a proof-of-concept, the metabolic effect of the ubiCA gene
knockout and coenzyme Q1 supplementation were characterized, and the metabolic profiles of the
experimental strains showed clear correlations with coenzyme Q1 concentrations. Further proof-of-
principle experiments were performed to illustrate that the approach can be used to optimize cell
respiration for the production of chemicals of interest such as ethanol. This study showed that
controlled respiration through genetic manipulation can be exploited to allow much larger operating

windows for reduced product formation even under fully aerobic conditions.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Escherichia coli coordinately adapt its respiration and metabo-
lism to environmental changes, and metabolic profiles of the cells
are intrinsically different under aerobic and anaerobic conditions
(Bock and Sawers, 1996; Lynch and Lin, 1996, Gunsalus and Park,
1994; Salmon et al., 2003; 2005). With sufficient oxygen supply,
cells produce ATP through respiration and grow rapidly, but a lot
of carbon atoms are lost in the form of CO,. Under anaerobic
conditions, E. coli cells convert most of the carbon source to
several organic acids and biomass, but cells grow slower than in
aerobic cultures.

To optimize the productivity of bioengineered strains, the ATP
generation and carbon atom conservation has to be well balanced
by fine-tuning the metabolism and respiration. Cell growth is
slightly improved and the carbon loss from metabolism is
marginally reduced when microaerobic growth is used as an
alternative to anaerobic conditions. The microaerobic condition
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confines a partially active respiration to reoxidize NADH and
generate ATP for cell growth and maintenance with limited
oxygen supply, while the majority of carbon atoms are guided
to desired products (Alexeeva et al., 2000; Hua et al., 1998; Jensen
et al.,, 2001; Zeng and Deckwer, 1996; Zhu and Shimizu, 2005).
We have previously studied metabolite patterns under defined
low oxygen conditions (Shalel-Levanon et al., 2005a, 2005b), and
have examined the effects of global regulators such as ArcA and
Fnr and other genes such as yfiD, (Zhu et al., 2006, 2007) and
creB (Nikel et al.,, 2009) on the pattern of metabolites under
defined low oxygen conditions. However, it is technically difficult
to maintain a constant microaerobic environment in real pro-
cesses, especially in large bioreactors. Controlling respiration and
redox through genetic modifications may serve as a promising
alternative.

The respiratory system of E. coli has a modular design to
facilitate system fine tuning according to the availability of
oxygen or other electron acceptors (Gennis and Stewart, 1996).
A diagram was drawn in light of Alexeeva et al. (2000) (Fig. 1). E.
coli cells regenerate NAD*' and generate proton motive force for
ATP production through the respiratory chain. Quinones are lipid-
soluble molecules that mediate electron transfer between NADH
or FADH dehydrogenases and cytochrome oxidases. Among
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Fig. 1. Simplified central metabolic pathways of E. coli when using glycerol as a carbon source. The electron transfer through the respiratory chain was controlled by
changing the concentration of coenzyme Q1 in the ubiCA~ mutant strain, whose ubiquinone synthesis was disrupted. PEP: phosphoenolpyruvate; Pyr: pyruvate; Acetyl

CoA: Acetyle coenzyme A; TCA: tricarboxylic acid cycle.

several types of quinones synthesized in E. coli, ubiquinone is
mainly used for oxygen respiration (Wallace and Young, 1977).
The ubiC and ubiA genes encode the first and second reactions
committed in the ubiquinone biosynthetic pathway of E. coli
(Meganathan, 2001), and control of their expression is under
complicated regulation by cell culture conditions (Kwon et al.,
2005). The electron transport through ubiquinone affects the
NADH and FADH levels in the cell and poses impacts on cell
growth and related metabolic reactions through enzymes such as
succinate dehydrogenase, lactate dehydrogenase, etc. (Hagerhadll,
1997; San et al,, 2002). Besides mediating electron transport,
quinones also serve as major regulation signals for global reg-
ulators such as ArcAB (Georgellis et al, 2001). The global
regulators affect the transcription of genes encoding metabolic
enzymes (Lynch and Lin, 1996; Matsuoka and Shimizu, 2011;
Shalel-Levanon et al., 2005a, 2005b), and, therefore, regulate
metabolic flux distributions in the cell (Alexeeva et al., 2003;
Perrenoud and Sauer, 2005; Zhu et al., 2006).

The regulation of the amount of NADH that is consumed by the
respiratory chain vs the amount that is used for production of a
reduced metabolite has been manipulated in several ways. If one
wants to avoid reduced products, NADH oxidase can be intro-
duced into the cells and in an aerobic culture would act to avoid
formation of quantities of reduced products (Lopez de Felipe and
Hugenholtz, 1999; Heux et al., 2006). On the other hand when
reduced products are desired during aerobic or semi-aerobic
growth, several strategies have been utilized. In our previous
work we showed an effective strategy for producing reduced
products (e.g. ethanol) in aerobic culture by employing expres-
sion of the Candida boidinii FDH and supplying formate to
generate extra NADH. During aerobic growth the cells produced
ethanol. The amount of ethanol formed was dependent on the
amount of formate addition to the FDH augmented strain
(Berrios-Rivera et al., 2002). In this study, we use a different
approach for redox control in order to channel NADH formed
during glycolysis to reduced products under aerobic growth

conditions by restricting the ability of the electron transport
chain to oxidize the NADH (San and Bennett, 2010).

In the present study, as a proof of concept we supplemented
the cultures of several ubiCA~ mutant strains with different
amounts of coenzyme Q1, an unnatural analog of ubiquinone.
With sufficient oxygen supply to the cultures, variant limited
respiration levels were achieved, and the metabolite profiles were
affected accordingly. In order to demonstrate that the modified
system can also be applied to the production of reduced chemi-
cals normally produced under anaerobic conditions, plasmids
carrying the Zymomonas mobilis pdc-adh genes or a mutated
aerobic adhE* gene were introduced into the ubiCA~ mutant host
as a convenient means of assessing the proportion of NADH
allotted to reduced products (i.e. ethanol production) under the
experimental aerobic conditions. The experiments show that
NADH (redox) partitioning between the electron transport chain
to generate energy and the use of NADH for reduction of a
metabolic intermediate could be precisely controlled by manip-
ulating the level of ubiquinone. This study further suggests
controlled respiration that simulates a semi-aerobic environment
through genetic manipulations and can be exploited to allow
much larger operating windows for reduced product production
even under fully aerobic culturing conditions.

2. Materials and methods
2.1. Bacterial strains and plasmids

Strains and plasmids used in this study are listed in Table 1.
The ubiCA gene deletion was transduced from RKP4152 (a kind
gift from Dr. Poole, Sgballe and Poole, 1998) to GJT001 using P1
phage transduction (Thomason et al., 2007). One colony, named
AMSO001, was isolated and selected for further study. YBS131 was
constructed by insertion inactivation of the IdhA gene (Yang et al.,
1999b). The ubiCA gene deletion was transduced from AMS001 to
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Table 1
List of strains and plasmids used in this study.

Strain or Relevant characteristics Reference or source

plasmid

E. coli strain

GJT001 Laboratory wild type, spontaneous  Tolentino et al.
cadR mutant of MC4100, SmR (1992)

YBS131 GJT001 IdhA::Tn10, SmR, TcR Yang et al. (1999b)

AMS001 GJT001 AubiCA, SmF®, Km® This work

AMS002 YBS131AubiCA, SmF, TcR, KmR This work

Plasmids

pLOI295 Carries the pdc and adh genes from Ingram et al. (1987)
Zymomonas mobilis, Ap®

pCRADH2 Carries the aerobic functional adhE* Holland-Staley et al.

gene, ApR (2000)

YBS131 using P1 phage transduction (Thomason et al., 2007). The
mutant strain was screened on LB plates supplemented with
coenzyme Q1 (Sigma Aldrich). One colony named AMS002 was
isolated and selected for further study.

The plasmid pLOI295 carries Z. mobilis pdc and adh genes
(Ingram et al., 1987), and pCRADH2 carries a mutated adhE* gene,
which encodes an aerobically functional alcohol dehydrogenase
(ADH) (Holland-Staley et al., 2000). The strains used in this study
were transformed with either pLOI295 or pCRADH2 so that they
can produce ethanol as an external sink of reducing power under
aerobic conditions.

2.2. Medium and shake flask culture conditions

The aerobic culture medium used in this study was LB
supplemented with glycerol as a carbon source with appropriate
antibiotics. In the cultures of the ubiCA~ mutant strains, coen-
zyme Q1 was supplemented at different levels (1 nM, 10 nM,
100 nM, 1puM, 5uM, 10puM, 20 uM, 40 uM, and 80 puM) to
improve cell growth and change cell metabolism. In the cultures
of the strains bearing the pLOI295 or pCRADH2 plasmid, 1 mM of
IPTG was added to ensure full induction of gene expression. The
strains were grown in 125 ml shake flask cultures with 15 ml of
culture volume. The shaker (InnovaR44 New Brunswick Scientific,
Edison, NJ) was set at 37 °C with a shaking rate at 250 rpm. The
shake flask cultures in the current study were all performed under
aerobic conditions if not further mentioned.

2.3. Analytical procedures

Cell densities were measured at 600 nm in a spectrophot-
ometer (Bausch & Lomb Spectronic 1001). The measured optical
densities (ODgog) were correlated with dry cell weight using
established ODggo—dry cell weight correlation. Culture broth
samples were centrifuged for one minute at 13,000g in an
AccuSpin™ microcentrifuge. The supernatant was filtered
through a 0.2 pm syringe filter before HPLC measurements. The
concentrations of glycerol and extracellular metabolites such as
lactate, acetate, succinate, and ethanol were measured using an
HPLC system (Shimadzu Scientific Instruments, Columbia, MD)
equipped with a cation-exchange column (HPX-87H, BioRad Labs,
Hercules, CA), a differential refractive index detector (Waters,
Milford, MA), and a UV-vis detector (SPD-10A, Shimadzu Scien-
tific Instruments, Columbia, MD). A mobile phase of 2.5 mM
H,SO,4 solution at a 0.6 ml/min flow rate was used and the column
was operated at 55 °C (Sanchez et al., 2005; Yang et al., 1999a).

3. Results

3.1. Metabolic impact of coenzyme Q1 supplementation on AMS001
strain

The effect of exogenous supplementation of ubiquinone-1
(Q-1) to an ubiCA~ mutant strain, AMS001, was first examined.
This mutant cannot produce ubiquinone due to a disruption in its
biosynthesis pathway. The aerobic experiments with this mutant
strain were carried out in 125-ml shake flasks containing 10 ml of
LB medium supplemented with 20 g/l of glucose in a rotary
shaker at 37 °C and 250 rpm. The final optical density and the
specific lactate yields after 24 h are summarized in Fig. 2. The
mutant strain grew very poorly and produced a large amount of
lactate (about 23 mM). The ubiCA~ mutant, due to the disruption
in the electron chain, cannot use oxygen as the electron receptor.
The cell opted to recycle the NADH to NAD* through the
formation of lactate (the ethanol pathway is not very active
aerobically). In other words, the metabolic pattern of the mutant
strain behaves very much like one that is grown anaerobically
even in the presence of air.

Adding different quantities of ubiquinone Q1 to the culture
was able to increase the final optical density and reduce the
amount of lactate accumulated. The mutant strain responded to
ubiquinone supplementation in a graded manner (Fig. 2). The
reduction in lactate formation suggests that the function of the
electron transfer chain is partially recovered and the cells are
capable of using oxygen as the electron acceptor. However, the
mutant strain did not fully recover even when the concentration
was increased to 400 pM. It is possible that the low solubility of
Q-1 in the medium limits the uptake of this molecule or that Q-1
does not act as efficiently as the normal E. coli ubiquinone.
Another explanation might be that some intermediate products
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Fig. 2. The effect of exogenous addition of ubiquinone-1 to an uibCA mutant
strain, AMS001.
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in the ubiquinone biosynthesis pathway are necessary for full
recovery and restoration of the cell. These experiments, never-
theless, show that the cell could achieve some recovery by the
exogenous addition of ubiquinone.

3.2. Metabolic impact of ubiCA gene knockout in the ethanol
producing strains

To further examine the potential of exploiting the disruption of
the respiration chain for reduced product formation besides lactate in
the presence of air, we used the production of ethanol as the model
system by introducing heterologous pathways, which served as
NADH sinks under the experimental aerobic conditions.

Four strains, GJT001 (parent strain), YBS131 (IdhA~), AMS001
(ubiCA™), and AMSO002 (ubiCA~, IdhA™) carrying the pLOI295 and
PCRADH2 plasmids, were used in this study. These strains were
cultured in LB medium supplemented with glycerol under aerobic
conditions without coenzyme Q1. The metabolite concentrations
and cell densities measured during the mid-exponential phases
were used to calculate the biomass yields on glycerol and specific
metabolite forming rates. The data are summarized in Table 2.
Formic acid and succinic acid were not detected in any of the
cultures, which indicate that the pyruvate formate lyase (PFL) was
not functioning under the experimental conditions, and, there-
fore, the cultures were indeed operating under aerobic conditions.

The ubiCA~ mutation resulted in less biomass formation and more
secretion of reduced metabolites such as lactate and ethanol. The
biomass yields on glycerol for ubiCA~ mutant strains were about 14—
31% of those for the ubiCA™ strains, and the pLOI295 plasmid had a
more profound effect on cell growth in the ubiCA~ mutant strains as
compared to the ubiCA™" strains; in particular, the AMS001 (pLOI295)
strain failed to grow in the culture without coenzyme Q1 supple-
mentation. With lower biomass yield and acetate production com-
pared to those in the cultures of GJTO01 (pCRADH2), the AMS001
(pCRADH2) strain converted the majority of glycerol into lactate. The
AMS002 (pLOI295) converted about 80% of the carbon atoms from
glycerol into ethanol under the experimental aerobic condition as the
IdhA gene was inactivated in this strain.

The strains carrying the pLOI295 plasmid converted more glycerol
into ethanol than the strains bearing the pCRADH2 plasmid. In the
cultures of the ubiCA™ strains with the pLOI295 plasmid, more than
60% of the secreted metabolites (on a molar basis) were ethanol,
which indicate that the Z mobilis pdc and adh genes are efficient in
these cultures to compete pyruvate with pyruvate dehydrogenase.
More significantly, ethanol production counted for 82% of the
secreted metabolite molecules in the cultures of AMS002 (pLOI295).
In comparison, ethanol accumulation in the strains carrying pCRADH2
were less than 45% of the metabolites accumulated in the culture

Table 2

medium. In particular, ethanol production only accounted for ca. 16%
of the metabolites produced in AMS002 (pCRADH2). It seems that the
flux partitioning at the acetyl coenzyme A (AcCoA) node favors
acetate formation under the experimental conditions.

The IdhA mutation had very little effect on the metabolism of
the ubiCA™ strains, but had significant effect on the ubiCA™
strains. The lactate production levels were negligible through all
the cultures of the GJT001 (pLOI295) and GJT001 (pCRADH2)
strains in this study. The AMS001 (pCRADH2) accumulated sig-
nificant amount of lactate with less acetate and biomass produced
than GJT002 (pCRADH2). In the cultures of the IdhA~, ubiCA™
double mutant strain, AMS002 (pCRADH2), instead of accumulat-
ing ethanol, another chemically reduced metabolite, the cells
produced acetate as the major metabolite, and the biomass yield
was partially restored as compared to AMS001(pCRADH2).

3.3. Metabolic impact of various levels of coenzyme Q1
supplementation

Several different levels of coenzyme Q1 (1 nM, 10 nM, 100 nM,
1 uM, 5 uM, 10 puM, 20 pM, 40 puM, and 80 M) were supplemen-
ted into the cultures of the ubiCA~ strains carrying pLOI295 or
PCRADH2 plasmid, and the metabolic profiles are plotted in Fig. 3.

The impact of Q1 supplementation was more profound when the
Q1 concentration is higher than 1 pM. Supplementing 0.001 puM,
0.01 uM, and 0.1 uM of coenzyme Q1 into the culture medium for the
ubiCA~ mutant strains had little effect on cell growth (Fig. 3D) and
the production of metabolites such as ethanol (Fig. 2A), acetate
(Fig. 2B), and lactate (Fig. 3C). With more than 1 uM or 5 puM of
coenzyme Q1 supplemented in the culture medium, the production
of metabolites and cell growth were significantly affected.

Ethanol production in the cultures of the ubiCA~ mutant
strains showed a clear correlation with the concentration of
coenzyme Q1 (Fig. 3A). The ethanol production levels were the
highest in the cultures of AMS002 (pCRADH2) and AMS001
(pLOI295) with 1 uM of coenzyme Q1 supplemented. While the
cultures of AMS001 (pCRADH2) produced the highest amount of
ethanol with 5uM of coenzyme Q1 in the medium. Ethanol
production decreased with coenzyme Q1 supplementation levels
higher than 5 uM in the cultures of the ubiCA~ mutant strains.
Since the ethanol and acetate production pathways compete for
precursors of the reactions, the relationship between acetate
production and Q1 supplementation was shown to be reverse to
that between ethanol production and Q1 supplementation in the
cultures of AMS001 (pLOI295), AMS001 (pCRADH2), and AMS002
(pCRADH2).

Lactate production in the cultures of AMS001 (pLOI295) and
AMS001 (pCRADH2) had a clear correlation with Q1 supplementation

Metabolite production in the strains using glycerol as a sole carbon source without coenzyme Q1 supplementation under aerobic conditions.

Strains metabolite/dgiycerol” fOT Specific growth Biomass yield on
rate (h~1) glycerol (g/g)
Lactate Acetate Ethanol

GJT001(pLOI295) 0.00 + 0.00 0.32+0.18 0.52 +0.07 0.27 +0.03 1.85+0.19
GJT001(pCRADH2) 0.04 + 0.01 0.3540.01 0.20 +0.01 0.37 +0.05 0.91 +0.27
YBS131(pLOI295) 0.00 + 0.00 0.29 +0.10 0.48 +0.04 0.33+0.07 1.89+0.17
YBS131(pCRADH2) 0.00 + 0.00 0.42 +0.03 0.22 +0.01 0.42 + 0.06 1.49+0.39
AMS001(pLOI295) b - - - -
AMSO001(pCRADH2) 0.64 +0.05 0.21+0.12 0.17 £ 0.04 0.134+0.01 0.16 + 0.02
AMS002(pLOI295) 0.00 + 0.00 0.17 + 0.04 0.80 + 0.06 0.07 +0.01 0.26 + 0.01
AMS002(pCRADH2) 0.00 + 0.00 0.53 +0.03 0.10 + 0.02 0.05 +0.00 0.46 + 0.03

? @metabolite denotes specific metabolite forming rates (mmol/[g of dry weight]/h), and ggycerol denotes specific glycerol uptake rates (mmol/[g of dry weight]/h). These
specific rates were calculated using the data during the mid-exponential phase of the cultures to qualify quasi-steady state assumption. The results represent the mean
values + standard deviations for measurements from at least three independent experiments.

> The AMS001 (pLOI295) strain failed to grow without coenzyme Q1 supplementation under the experimental condition.
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Fig. 3. Metabolite and biomass accumulated with concentrations of coenzyme Q1 in the cultures of the ubiCA~ mutant strains. The concentrations of (A) ethanol,
(B) acetate, (C) lactate, and (D) cell density (OD600) were determined at the time point when glycerol is completely consumed. Symbols represent the mean values for each
parameter + standard deviation of measurements from at least three independent cultures.

in the medium. The production of lactate was diminished with 5 uM
of coenzyme Q1 in the cultures (Fig. 3C). Correspondingly, cell growth
densities of these two strains were significantly higher than in
cultures with less coenzyme Q1 addition (Fig. 3D). By further
increasing coenzyme Q1 concentration in the cultures of AMS001
(pLOI295), lactate production was revived and increased as coenzyme
Q1 concentration increases. The cultures of AMS001 (pCRADH2)
showed a similar relationship between lactate production and
coenzyme Q1 concentrations. Thus, 5 M of Q1 supplementation
appeared to be a threshold value in the cultures of AMS001 (pLOI295)
and AMS001 (pCRADH2).

The acetate production was not significantly correlated with
coenzyme Q1 concentration in the cultures of AMS001 (pCRADH2)
and AMS002 (pCRADH2) (Fig. 3B). However, in the cultures of

AMSO001 (pLOI295), acetate production was significantly higher with
more than 5 pM of coenzyme Q1 in the medium compared with the
cultures with less coenzyme Q1. Acetate production decreased as
coenzyme Q1 concentration increases in the cultures of AMS002
(pLOI295), accompanying with higher biomass yields (Fig. 3D).

3.4. Culture profiles of experimental strains with 5 uM of coenzyme Q1

The correlations between metabolite production and coen-
zyme Q1 concentrations in the medium indicated that 5 pM is, or
close to a threshold concentration to induce significant metabolic
changes in the cultures. For instance, lactate productions were
negligible in the cultures of AMS001 (pLOI295) and AMSO001
(pCRADH2) with 5 uM of coenzyme Q1 (Fig. 3C), although the
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IdhA gene was not disrupted in these strains, and the accumula-
tion of ethanol in these cultures suggested that cells may need to
regenerate NAD ™" for continuous glycerol uptake.

The culture profiles of the experimental strains with 5 pM of
coenzyme Q1 are shown in Fig. 4. Ca. 96 mM of glycerol was
completely consumed in about 20 h in the cultures of the four
experimental strains. Biomass, acetate, and ethanol were the
major products of the cultures. The AMS001 (pLOI295) and
AMS002 (pLOI295) strains produced ca. 66 mM and 55 mM of
acetate as the major metabolic product, respectively, while the
ethanol production of the cultures were only 12.5 and 4.2 mM,
respectively (Fig. 4A and C). At the time when glycerol was
depleted in the cultures, the amount of acetate and ethanol were
comparable in the cultures of AMS001 and AMSO002 strains
carrying the pCRADH2 plasmid (Fig. 4B and D).

The acetate and ethanol produced in the cultures of AMS001
(pCRADH2) and AMS002 (pCRADH2) were reabsorbed after gly-
cerol was consumed. In contrast, the AMS001 (pLOI295) and
AMSO002 (pLOI295) strains did not metabolize acetate or ethanol
until the end of the cultures.
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4. Discussion

E. coli cells adapt to different levels of oxygen supply by
changing respiratory intensity and metabolic profiles through
complicated regulation systems (Lynch and Lin, 1996). Accurately
controlling the oxygen levels to optimize cell metabolism for
production of useful chemicals is usually very difficult in normal
culture processes considering cell growth and medium composi-
tion changes during the process. A few attempts were made to
accurately control the levels of oxygen supply in chemostat
cultures (Alexeeva et al., 2002; Nikel et al, 2009; Shalel-
Levanon et al., 2005a). However, the oxygen supply in batch
cultures, which are more generally employed in industrial pro-
cesses, is normally roughly manipulated with less accuracy, and
this is particularly difficult under relatively low oxygen level
conditions (Durnin et al., 2009; Zeng and Deckwer, 1996; Zhu and
Shimizu, 2005). The current study aimed at manipulating cell
respiration based on gene modification so that cell metabolism
can be precisely manipulated via media additives accordingly.
Although coenzyme Q1 is costly inhibiting its general use in
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Fig. 4. Shake flask cultures of E. coli (A) AMS001 (pLOI295), (B) AMS001 (pCRADH2), (C) AMS002 (pLOI295), and (D) AMS002 (pCRADH2) strains with 5 puM
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industrial processes, the current strategy can be extended to
controlling the expression levels of the ubiCA genes or other
respiratory genes so that the process will be more economically
viable. Such work is currently being pursued in our recent
experiments.

There was no formic acid accumulation in the cultures of the
experimental strains (Table 2, Figs. 3 and 4), as the glycyl radical
in PFL is sensitive to oxygen (Wagner et al., 1992), which indicates
that the cultures were made under aerobic conditions. Therefore,
pyruvate was mainly converted into AcCoA through the pyruvate
dehydrogenase (PDH) complex instead of PFL, which normally
happens in the cultures under oxygen-limited conditions (Béck
and Sawers, 1996). Ethanol accumulation in the cultures of
AMSO001 (pLOI295) and AMS002 (pLOI295) can be attributed to
the pdc-adh pathway since the wild type ADH is mainly inactive
under aerobic conditions (Holland-Staley et al., 2000; Leonardo
et al.,, 1993).

Pyruvate and AcCoA are two of the major metabolic nodes in
cell under the experimental conditions. The flux partitioning at
these nodes are the results of cell regulations on different levels
including gene transcription and metabolite balancing.

The concentration of coenzyme Q1 affects the flux distribution
at the pyruvate node in the cultures of the ubiCA~ mutant strains.
Besides biomass synthesis, there are mainly three pathways that
contribute to pyruvate metabolism, namely PDH, lactate dehy-
drogenase, and pyruvate decarboxylase (PDC) introduced by the
pLOI295 plasmid. Previous metabolic control analysis showed
that the flux through PDH had significant control over the flux
through LDH (Zhu and Shimizu, 2005). Since the expression of
IdhA is roughly not changed by different oxygen levels in the wild
type E. coli strains (Shalel-Levanon et al., 2005a), and the expres-
sion of PDC is controlled by the amount of IPTG inducer, the
variant lactate production levels in the cultures were the result of
changes on the PDH reaction rate, which corresponds to different
concentrations of coenzyme Q1.

To further clarify the impact of coenzyme Q1 amount on the
flux portioning at the pyruvate node, the flask culture data of
AMS001 (pCRADH2) were reorganized to roughly evaluate the
balance of reducing equivalents (Fig. 5). To simplify the estima-
tion, we have to assume that biomass was derived from the LB
medium, and the glycerol supplemented was mainly used for
energy generation and metabolite productions such as lactate,
acetate, ethanol, succinate, and carbon dioxide. As can be seen in
Fig. 5, there is almost no carbon released as CO, when coenzyme
Q1 supplement is less than 1 pM. There are two main pathways
for carbon dioxide generation in E. coli, namely tricarboxylic acid
(TCA) cycle and the oxidative pentose phosphate (OPP) pathway.
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Fig. 5. Impact of coenzyme Q1 supplementation on the reducing product
accumulation in AMS001 (pCRADH2). % Carbon burnt refers to the difference
between glycerol consumption and metabolite accumulation, which can be
attributed to CO, releasing from the culture. Reduced product refers to lactate,
ethanol, and succinate, which consumes NADH during the product synthesis.

Under the above conditions, the electron transport through
succinate dehydrogenase is largely blocked as a consequence of
low quinone concentration (Tran et al., 2006), and therefore the
CO, generation through TCA cycle is very low. Since glycerol and
rich medium were used for the current study, and the OPP
pathway flux is low under oxygen-limited conditions (Zhu et al.,
2006), little CO, can be produced through the OPP pathway. Thus
we believe that the reducing power generated by glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was oxidized by excreting
reducing products such as lactate, ethanol, and succinate. Under
low oxygen conditions, the cell has high intracellular NADH
concentration (Zhu and Shimizu, 2004, 2005) repressing the
activity of PDH (Snoep et al., 1990), and resulted lactate accumu-
lation is the major pathway for pyruvate metabolism. As the
supplementation of coenzyme Q1 increases, some NADH will be
oxidized through the respiratory chain. Therefore, more carbons
from glycerol can go through the PDH and citrate synthase
reactions, and “burnt” by the partially functional TCA cycle.

An interesting observation is that the lactate production is
reduced to almost zero in the cultures of AMS001 (pLOI295) and
AMS001 (pCRADH2) with 5 uM of coenzyme Q1, while lactate
production was partially restored when more coenzyme Q1 was
added into the medium. Since the lactate flux is largely controlled
by the PDH activity as discussed above, the lactate accumulation
may be a result of the changes on PDH expression and activity
levels. Shalel-Levanon et al. (2005a) have shown that the tran-
scription level of aceE gene, which encodes a subunit of the PDH
complex, increases as the oxygen level increases when the head-
space oxygen concentration is between 1% and 5%, while with
higher oxygen level, the aceE transcription level dropped.
Alexeeva et al. (2000) also proved that the flux through PDH
increases as aerobiosis increases from 0% to about 40% (defined by
the oxygen conditions related with the amount of acetate pro-
duced in chemostat cultures), and above that the flux through
PDH decreases with higher aerobiosis even without PFL flux. At
the pyruvate node, higher PDH converts more pyruvate into
AcCoA, which leads to less lactate accumulation, and vice versa.
Therefore, our observation is consistent with these previous
works, and the 1-5 uM of coenzyme Q1 supplementation in the
culture suggests similar electron flux in the respiratory chain to
previous chemostat cultures made with about 40% aerobiosis
(Alexeeva et al., 2000), and 5% head-space oxygen concentration
(Shalel-Levanon et al., 2005a). Since PDH provides AcCoA as the
precursor of Ack-pta pathway, which is used for acetate produc-
tion, the increase of acetate accumulation in the cultures of
AMS001 (pLOI295) and AMSO002 (pLOI295) with more than
5uM of coenzyme Q1 also suggested that the PDH flux was
higher than the cultures with less Q1 (Fig. 3B).

Ethanol and acetate production are also indicators of the flux
distribution at AcCoA node. Ethanol was produced through ADH
in the cultures of AMS001 (pCRADH2) and AMS002 (pCRADH2).
The highest ethanol accumulation in this study was observed in
the cultures supplemented with 1-5 uM of coenzyme Q1. Ethanol
production in the cultures of AMS001 (pCRADH2) and AMS002
(pCRADH2) decreased (Fig. 3A) as the concentration of coenzyme
Q1 increases. This observation is consistent with the discussion
about PDH flux. Firstly, the reaction through PDH provides AcCoA
as the substrate of ADH and Ack-pta reactions. The peak of
ethanol production can be an indication of peak PDH reaction
assuming the flux partitioning at the AcCoA node is relatively
stable. Secondly, the flux distribution at the AcCoA node is also
affected by the reaction through citrate synthase, which competes
for AcCoA as a precursor. As the coenzyme Q1 concentration
increases, the cell metabolism should be similar to those micro-
aerobic cultures with increasing oxygen supplies. In the study
made by Shalel-Levanon et al. (2005b), the transcription level of
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gltA, which encodes citrate synthase, increases as the oxygen level
increases. Thirdly, higher concentration of coenzyme Q1 will
result in higher electron flux through the respiratory chain, and
the cell can reoxidize more NADH through oxidative phosphor-
ylation for ATP production. Since one mole of ethanol production
through ADH requires two moles of NADH as a metabolic
cofactor, lack of NADH may also contribute to the drop of ethanol
production in these cultures.

The reabsorption of ethanol in cultures of AMS001 (pCRADH2)
and AMS002 (pCRADH2) after glycerol was used up suggested
that the ADH enzyme was functional on both reaction directions,
for ethanol production and absorption under the experimental
conditions (Fig. 3B and D). It is not clear why the ubiCA™ mutant
strains carrying the pCRADH2 plasmid reutilized acetate after
glycerol was used up, while those strains carrying the pLOI295
plasmid did not. The depletion of the pyruvate pool caused by the
pdc-adh reactions could be one of the reasons, but the detailed
regulation mechanism remains unclear.

The expression levels of cytochrome bd and cytochrome bo
oxidases in E. coli are regulated according to oxygen levels in the
culture (Lynch and Lin, 1996). Since cytochrome bd and bo
oxidases have different oxygen affinity and turnover rates
(Gunsalus, 1992), the electron flux partition between the two
oxidases results at different overall P/O ratio and affects the
metabolic flux distribution in the central metabolic network.
Alexeeva et al. (2002) have studied the flux distribution in the
cytochrome components under different oxygen levels in E. coli. It
will provide a better picture of the cell regulation and metabolism
to measure the electron flux distribution in the respiratory chain
in future studies.

E. coli adjusts its metabolism according to environmental
changes including oxygen supplies. As a proof of concept, instead
of changing/controlling the oxygen levels in the culture, we have
explored adding different amounts of coenzyme Q1 in the
cultures of ubiCA~ mutant strains and showed that it coordi-
nately changed metabolite production under aerobic conditions.
This work demonstrated the potential of manipulating the ubi-
quinone level in E. coli cultures to optimize cell metabolism for
the production of chemicals of interest under easily controlled
fermentation conditions. This study further illustrated that con-
trolled respiration that simulated a semi-aerobic environment
through genetic manipulation can be exploited to allow much
larger operating windows for reduced product production even
under fully aerobic conditions. Other potential methods need to
be tested to control respiration by altering cytochrome oxidase
levels or the level of other ETS components.
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