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MICROBIAL CELL
FACTORIES

An ancient Chinese wisdom for metabolic

engineering: Yin-Yang

Stephen G Wu', Lian He', Qingzhao Wang? and Yinjie J Tang'

Abstract

starts and dead ends during metabolic engineering.

In ancient Chinese philosophy, Yin-Yang describes two contrary forces that are interconnected and interdependent.
This concept also holds true in microbial cell factories, where Yin represents energy metabolism in the form of ATP,
and Yang represents carbon metabolism. Current biotechnology can effectively edit the microbial genome or introduce
novel enzymes to redirect carbon fluxes. On the other hand, microbial metabolism loses significant free energy as

heat when converting sugar into ATP; while maintenance energy expenditures further aggravate ATP shortage. The
limitation of cell “powerhouse” prevents hosts from achieving high carbon yields and rates. Via an Escherichia coli flux
balance analysis model, we further demonstrate the penalty of ATP cost on biofuel synthesis. To ensure cell powerhouse
being sufficient in microbial cell factories, we propose five principles: 1. Take advantage of native pathways for product
synthesis. 2. Pursue biosynthesis relying only on pathways or genetic parts without significant ATP burden. 3. Combine
microbial production with chemical conversions (semi-biosynthesis) to reduce biosynthesis steps. 4. Create "minimal cells”
or use non-model microbial hosts with higher energy fitness. 5. Develop a photosynthesis chassis that can utilize light
energy and cheap carbon feedstocks. Meanwhile, metabolic flux analysis can be used to quantify both carbon and energy
metabolisms. The fluxomics results are essential to evaluate the industrial potential of laboratory strains, avoiding false
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Introduction

In the past decade, molecular biology tools have been de-
veloped rapidly and now offer new opportunities for meta-
bolic engineering of microbial hosts [1-6]. These tools
include the selection of plasmids with different copy num-
bers, promoter engineering, codon optimization, synthetic
scaffolds, directed evolution or rational design of enzymes,
ribosome binding sites editing, and competitive pathways
deletion. Advanced genome engineering (e.g., CRISPRs
and TALENs) and automation of conventional genetic
techniques (e.g,, MAGE) provide efficient capabilities for
editing genomes and evolving new functions. At the same
time, systems biology (e.g., genomics, transcriptomics, and
proteomics) can characterize complex cell networks, mine
useful genes, discover new enzymes, reveal metabolic reg-
ulations, and screen mutant phenotypes. The advent of
these powerful tools seems to lead researchers into a new
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epoch of bioprocess industries using GMMs (genetically
modified microorganisms) in the near future. However,
that is not the whole story.

The golden age of industrial biotechnology dawned in the
early 1940s, driven by the mass production of penicillin and
enjoyed a fast growth in the 1950s ~ 1980s. Microbial bio-
process has produced diverse commodity chemicals (such
as ethanol, amino acids, citric acid, and lactate) as well as re-
combinant proteins and antibiotics in the last century.
Those commercial products mainly rely on natural strains
or strains with minor genetic modifications (usually only
one or few new genes). Since the recent decade, in the hope
of producing chemicals at low costs and reducing green-
house gas emissions, an enormous amount of investment
has been devoted to metabolic engineering in many nations.
Although modern biotechnologies can engineer microbial
platforms to synthesize diverse products in laboratories,
there are only a few GMM products that have become com-
mercially promising in the past decade (e.g., artemisinic acid
and 1, 4-butanediol). Novel GMMs are also used for chem-
ical manufactures, such as short-chain alcohols and isoprene
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[7-9]. Recently, Gevo and Butamax introduce the keto-acid/
Ehrlich pathway into yeasts to produce isobutanol [10].
Amyris extend the mevalonate pathway in Saccharomyces
cerevisiae for branched and cyclic terpenes (e.g., farnesene)
synthesis. However, these companies have not achieved
strong net profit margin yet. To date, the industrial-scale
biofuel is still ethanol, which is cheaply manufactured from
sugar cane in Brazil. In this perspective, we address one of
the hidden constraints in microbial cell factories (i.e., energy
metabolism).
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The energy losses in microbial cell factories

Heterotrophic organisms obtain free energy in the form of
ATP by breaking organic substrates into CO, (Figure 1).
Theoretically, oxidation of one mole of glucose to CO,
(AHSs ~ -2.8 MJ/mol) can generate 38 moles of ATP.
Hydrolysis of these ATP to ADP (AG® = -30.5 kJ/mol)
provide ~1.2 MJ of biochemical energy. Thereby, ~60% of
energy from glucose is lost as heat during ATP synthesis
(similar to a Carnot heat engine). Besides, cell consumes
ATP for diverse maintenance activities, such as nutrient/
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metabolite transport, chemotaxis, chemical gradient pres-
ervation, biomass component repair, and macromolecule
re-synthesis [11]. These maintenance costs, essential for cell
survival and stress adaptation, compete for ATP resources
for biomass growth and product synthesis.

Microbial hosts have not evolved towards optimal energy
metabolism. Over billions of years of evolution, microbes
with a higher growth rate gained a selective advantage
when competing for shared energy resources, but these fast
growing species have a lower yield of ATP from substrates
(e.g., less than 30 ATP/glucose) [12]. The oxidative phos-
phorylation (P/O) ratio represents ATP generation effi-
ciency through substrate oxidation. Theoretically, three
ATP can be obtained from the reduction of one oxygen
atom (i.e, P/O =3) during oxidative phosphorylation. Al-
though slow-growing mammalian cells can achieve P/O
values close to 3, bacteria and yeasts often have P/O ratios
below 2.5 (note: microbes may dissipate the proton gradient
before it can be fully used for charging the ATP synthase).
In addition, microbial hosts may lose ATP yield due to
byproducts synthesis, membrane leakage, removal of react-
ive oxygen species, or suboptimal cultivations (insufficient
mixing, shear stress, or biofilm formation). Lastly, the elec-
tron transport chain for ATP generation and nutrient trans-
porters may compete for membrane and intracellular
spaces so that the capacity of the microbial powerhouse
cannot be easily upgraded [13,14].

We introduce a terminology “metabolic entropy” to de-
fine the free energy in the substrates that is lost through
energy metabolism and becomes unavailable for biosyn-
thesis. Metabolic entropy has gained attention from meta-
bolic flux analysis researchers because the objective
function of biomass production in FBA (flux balance ana-
lysis) always overestimates microbial growth rates. More-
over, FBA predictions highly depend on the assumption of
a fixed ATP maintenance coefficient. To address this
problem, researchers developed *C-metabolic flux ana-
lysis (MFA) to quantify the microbial “metabolic entropy”
directly via tracer experiments. By examining Bacillus sub-
tilis mutants, "*C-MFA has discovered that the suboptimal
cell metabolism is associated with the increased energy
usage in the face of environmental and random genetic
perturbations [15]. This study suggests that mutating
regulatory genes can drive carbon flow towards the de-
sired pathways; however, hijacking carbon fluxes may sac-
rifice cell energy fitness for adaptive responses under
adverse environmental conditions.

The tradeoff between product yield and energy
fitness

Traditional metabolic engineering uses plasmids and
heterologous enzymes to redirect carbon fluxes. Early
studies have shown high copy number plasmids cause
significant alterations in cell properties and strongly
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influence metabolic engineering endeavors [16]. '*C-
MEFA of E. coli strains revealed higher acetate production
and O, uptake rates in plasmid-containing strains than
in the plasmid-free strains [17]. The presence of plas-
mids can increase cell maintenance, decrease growth
rate and change intracellular fluxes, especially suppress-
ing the oxidative pentose phosphate pathway [18]. Simi-
larly, synthetic biology parts (such as novel pathways,
protein scaffolds, and genetic circuits) may also increase
metabolic entropy if extra nucleic acids and proteins are
required to be made by the hosts (note: elongation of
one amino acid costs four ATP molecules) [19]. Natural
microbes have frugal enzymatic machinery (each native
enzyme in a single E. coli cell may only have dozens of
molecule copies and places minimal biosynthesis burden
on cell metabolism) [20]. During pathway engineering, a
large portion of over-expressed enzymes may be inacti-
vated due to protein misfolding. Considerable ATP ex-
penditure for heterologous enzyme over-synthesis can
trigger stress responses. For example, '>*C-MFA has been
used to examine metabolic burdens in E. coli during bio-
synthesis of recombinant proteins. The results indicate a
25% increase in the total ATP expenditure rate in the
highest yielding strain (up to 45 mmol ATP/g CDW/h)
[21]. To overcome such an energy limitation, E. coli has
to reduce biomass synthesis and enhance oxidative phos-
phorylation for ATP generation. Besides, engineered mi-
crobial hosts often suffer from increased non-growth
associated maintenance as well as reduced respiration ef-
ficiency (poor P/O ratio) due to membrane stresses
[22,23]. If an extended heterologous pathway causes
deleterious effects on carbon and energy metabolism,
the host will lose the capability to grow in a minimal carbo-
hydrate medium. In this case, rich nutrients, such as yeast
extract (producing 1 g of yeast extract consumes >2 g of glu-
cose), have to be supplied to relieve the cell's metabolic
burden [24].

Our theory of energy burden can guide strain develop-
ment to tolerate product stresses. For instance, an
isobutanol-tolerant mutant has been isolated after serial
transfers; while the final isobutanol productivity of this
evolved strain did not show improvement [25]. The ex-
port systems (e.g., ABC transporters) have been engi-
neered for recovering cell growth under biofuel stresses
[26], while ATP-driven efflux pumps show limited en-
hancement of short-chain alcohol productivity (~10%)
[27]. Interestingly, efflux pumps are very effective when
they are introduced into low-performance strains, in
which their product titers are well below 1 g/L [26].
These observations explain the fact that cell stress adap-
tation requires ATP expenditure and induce energy
burdens [28]. For the same reason, tolerance engineering
often works well on yeast strains for ethanol production be-
cause of simple ethanol synthesis pathway and net ATP
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generation from glycolysis. For example, engineering tran-
scriptional machinery or up-regulation of the potassium/
proton pumps in Saccharomyces cerevisiae can improve
both ethanol tolerance and the production titer (>100 g/L)
[29,30]. In conclusion, if microbial hosts already have high
metabolic burdens, tolerance engineering should focus on
regulatory components rather than efflux pumps. For
example, a methionine biosynthesis regulator can sig-
nificantly improve both biofuel tolerance and productiv-
ity in Escherichia coli [27]. In yet another case, the
inactivation of a histidine kinase may enhance the
butanol productivity in Clostridium acetobutylicum by
delaying cell sporulation [31].

Sensitivity analysis of energy penalty on biofuel
synthesis

We employ a genome-scale flux balance model (ijO1366) to
simulate the adverse impacts of E. coli energy metabolism
on biofuel product yields (Figure 2) [32]. Apart from the
intracellular stress caused by enzyme overexpression, the re-
lease of large amounts of biofuel molecules (alcohol or fatty
acid) will interfere enzymatic reactions in vivo and disrupt
the cellular membrane’s integrity, which results in reduced
efficiencies of oxidative respiration [25,33]. Thereby, meta-
bolic engineering approaches are effective in redirecting car-
bon fluxes to biosynthesis only in these low-productivity
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strains whose energy metabolism are not overloaded. We
use FBA to test the penalty of metabolic burdens (such as
maintenance cost) and the decrease of P/O ratio on biofuel
yields. The simulations show that microbial energy metabol-
ism is usually abundant so that they can support certain
amount of metabolic burdens without having apparent bio-
synthesis deficiency (e.g., without showing a slower growth
after mutations). However, cell burden may increase during
the routine genetic modifications. When cell powerhouse is
unable to afford the increasing ATP expenditure, the biosyn-
thesis yield will have a sudden drop (ie., “the straw that
broke the camel’s back”), forming a “cliff” in Figure 2.

FBA simulations yield two insights into microbial bio-
fuels. First, alcohol (ethanol and isobutanol) producing E.
coli strains not only have higher carbon yields (0.67 C-
product/C-glucose), but also are insensitive to P/O ratios
(Figure 2a, b). Comparing to isobutanol, ethanol produc-
tion is less sensitive to the metabolic burden (larger energy
sufficient zone). Ethanol fermentation, an ancient biopro-
cess from the beverage industry, does not need additional
energy from O,, lowering its process costs. From a stoi-
chiometric perspective, glycolysis generates two net ATP
per glucose, which fulfills the cell energy expenditure. In
addition, ethanol synthesis only needs a few native en-
zymes, and the hosts (e.g., Saccharomyces cerevisiae) are
naturally tolerant to alcohols. The entire ethanol synthesis
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Figure 2 Genome-scale FBA models for predicting microbial biofuel yields from glucose. a. £. coli strains produce ethanol (growth rate =005 h™").
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overexpression and maintenance energy increase (g, 10% extra metabolic burden is equivalent to 10% overexpression of total biomass protein plus
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pathway is always inside of the cytosol, and thus they do
not have mitochondrial transport limitations. These ad-
vantages explain why ethanol fermentation is superior to
any other biofuel processes.

Second, energy metabolism may become a critical issue
for synthesizing fatty acid-based compounds, which are
susceptible to changes in P/O ratio, ATP maintenance loss,
and oxygen uptake fluxes. Compared to alcohol production,
fatty acid based fuels (such as biodiesel) require longer bio-
synthetic pathways (more enzymes to overexpress) and
considerable ATP usage for product synthesis [34]. Besides,
many enzymes in fatty acid pathway are tightly regulated
during cell growth, leading to growth associated bio-
production. The simultaneous biomass growth and fatty
acid synthesis further exaggerates ATP shortage [35].
Therefore, aerobic fermentation has to be performed to en-
hance energy metabolism, which reduces product yield and
increases the fermentation costs for aeration. Furthermore,
the accumulation of fatty acid damages cell membrane and
reduces oxidative phosphorylation efficiency. To demon-
strate these synergistic effects on fatty acid yields, Figure 2c¢
and d simulate E. coli fatty acid yields responding to P/O
ratios and metabolic burdens. As shown in Figure 2c, fatty
acid production can achieve a similar yield as ethanol if the
host’s biomass growth rate (as 0.05 hr') and energy main-
tenance is not high. In reality, fatty acid yield can drop to
50% or less of the theoretical maximum, which is in con-
sistent with the model prediction if we considered a prac-
tical biomass growth, extra ATP maintenance, and a low P/
O ratio (<1.5) in FBA (blue star in Figure 2d) [36]. Figure 2d
also indicates the high sensitivity of fatty acid yield in re-
sponse to the P/O ratio (red star in Figure 2d). For instance,
one unit change in P/O ratio leads to an abrupt drop in
fatty acid yield — from a theoretical maximum to zero.

Yin-Yang theory in metabolic engineering

To better understand the limitations of microbial cell fac-
tories, we refer to an ancient Chinese philosophy: Yin-
Yang. Yin-Yang describes both the bright side and dark
side of an object in the world. Yin and Yang oppose each
other but are also interdependent. In the case of metabolic
engineering, the microbial metabolism is operated by
thousands of enzymatic reactions and mass transport pro-
cesses that involve both carbon (Yang) and energy (Yin)
transformations (Figure 1). Through billions of years of
evolution and environmental adaptations, biological sys-
tems have evolved closely interdependent carbon fluxes
for biomass growth and energy fitness, which are similar
to the intertwined Yin-Yang forces. Although it is easy to
engineer microbial hosts to produce small amounts of di-
verse products, manufacturing a particular compound
with titers and rates beyond the economic break-even
point could be limited by suboptimal energy metabolism.
In microbial conversions of a substrate to a product,
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metabolic entropy increases when carbon flux is redir-
ected to the final products (Figure 3a & b). For example,
Figure 3¢ shows the energy loss during conversion of glu-
cose to different biofuels.

To leverage the “Yin-Yang” balance, metabolic engineers
tried a few practical approaches to promote energy metab-
olism and boost productivity. For instance, Vitreoscilla
hemoglobin (VHb), a soluble bacterial protein, has been
used to enhance energy metabolism by improving oxygen
delivery, which can significantly improve cell growth and
increase chemical production under oxygen-limited con-
ditions [39]. Furthermore, an energy-conserving pathway
in E. coli was developed through metabolic evolution for
high production of succinate from glucose fermentation
[40]. This study indicates that the overexpression of a
phosphoenolpyruvate carboxykinase increases the net pro-
duction of ATP, compared to the primary mixed acid fer-
mentation pathway via PEP carboxylase. The extra energy
supply allows E. coli to produce succinate close to the the-
oretical maximum. In another case, an ATP-consuming
reaction was introduced into S. elongatus PCC 7942 to
drive carbon flux from acetyl-CoA to 1-butanol [41]. This
study of 1-butanol production further validates that the
ATP coupling reaction can make engineered pathways
thermodynamically more favorable. To this end, we
summarize the following suggestions to overcome the en-
ergy roadblocks.

First, a clear understanding of the entire carbon and
energy metabolisms in microbial species would help us
to conquer the energy limitations. Using E. coli as an ex-
ample, ATP significantly impacts the product distribu-
tions at the pyruvate node [42]. Understanding ATP
fluxes can offer rational design of E. coli strains for im-
proving product biosynthesis [40,43]. Flux balance ana-
lysis (FBA) and 'C-metabolic flux analysis (MFA) are
the only available tools that can quantify energy expendi-
tures. FBA can characterize cell energy metabolism by
dividing ATP cost into non-growth associated loss and
growth-associated maintenance [22]. Due to the meta-
bolic nature of suboptimal carbon fluxes, FBA, relying
on the objective functions, may overestimate the cell po-
tential for biosynthesis capability. ">*C-MFA uses tracer
experiments to constrain the FBA model so that it can
precisely measure enzyme reaction rates. *C-MFA can
profile carbon fluxes through all energy generation/con-
sumption pathways and deduce energy flows in the cell
metabolism (ATP and cofactor balancing) [35]. Flux
analysis not only allows us to determine the hidden Yin-
Yang balance and to design rational engineering strat-
egies, but also to characterize metabolic entropy and
identify a strain’s energy potential for further improve-
ment. Although '*C-MFA has not been widely accepted
as a routine laboratory measurement tool to assess the
engineered microbial hosts, this technology has excellent
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potential to reveal pathway engineering burdens (i.e.,
predict “the last straw” in genetic modifications). This
tool can informatively tell metabolic engineers and pro-
ject sponsors what can be done and what cannot be
done.

Second, metabolic engineers need to exploit native path-
ways and avoid extensive pathway reconstruction. In his-
tory, many industrial successful cases of improved strain
tolerance or productivity just relied on random mutation
or evolution, leveraging Natural Selection of mutants for
the best ‘Yin-Yang’. Additionally, efforts should aim prod-
uct synthesis at pathways that do not require significant
ATP expenditures (such as ethanol or organic acids). For
example, the acetate overproduction pathway in E. coli
generates abundant ATP, and the engineered strain per-
forms very well even when its oxidative phosphorylation,
TCA cycle and competing fermentation pathways are dis-
rupted [43]. When microbial hosts have low-burden bio-
synthesis pathways, they show robustness in industrial
processes. Moreover, artificial synthetic circuits, efflux
pumps, or novel pathways should be carefully considered
in terms of the energy penalty. By revealing the tradeoffs
behind synthetic biology parts via flux analysis approach,
metabolic engineers can rationally design their engineer-
ing strategies.

Thirdly, although it is difficult to break the Yin-Yang
balance in a natural microorganism, synthetic biologists
may re-program the carbon metabolism and energy “fit-
ness” by engineering novel microbial systems. Metabolic
engineers often apply pathway overexpression to im-
prove the strain productivity. These practices typically
encounter adverse metabolic shifts due to energy imbal-
ances. However, the creation of a “minimal or smart” cell
can remove unnecessary genes in microbial hosts in ef-
fort to reduce cell burden and unlock the biosynthesis
regulations [44,45]. Additionally, synthetic biologists try
to design and assemble cells using synthetic chromo-
somes [46]. These artificial biological systems might not
necessarily follow the natural Yin-Yang balance evolved
over billions of years, so they could have an unusually ef-
ficient energy metabolism, and thus achieve product
yields close to the theoretical maximum.

Fourth, biological conversion can be integrated with non-
living processes to reduce the biosynthesis burden. We can
use robust microbial hosts to make simple molecules with
high yields and titers, and then convert these molecules
into a desired product with a complicated structure via bio-
logical and chemical processes. For example, the Keasling
Lab achieved the total synthesis of artemisinin with a two-
stage semi-synthetic approach. They used the mevalonate
pathway in Saccharomyces cerevisiae to synthesize artemisi-
nic acid, followed by a four-step chemical conversion of
artemisinic acid to artemisinin [47]. The Zhang Lab has
made biopolymers by using engineered E. coli as a first step,

Page 7 of 9

to produce a simple molecule mevalonic acid, and then
chemically converting it into biopolymers [48]. A significant
advantage of these integrated processes is an extremely effi-
cient bioconversion in the first step using a short microbial
pathway [49]. For instance, the titer of the semi-product
mevalonic acid can reach as high as 88 g/L because its syn-
thesis only requires three steps from the central metabolic
node (acetyl-CoA) [48]. In another and more radical ap-
proach, an artificial cell-free system containing enzyme
cocktails can mimic one or many functions of a biological
system. Such systems can be used to synthesize products
with near maximum theoretical yields [50,51] since they
have no cell maintenance cost.

Lastly, development of non-model microbial workhorses
with desired traits in energy metabolism (e.g., photosyn-
thesis) may achieve higher biosynthesis potentials, enabling
the design of industrial biorefineries for the production of a
broad range of products. In fact, even in the modern era of
genomics, it is estimated that>99% of all bacterial species
remain unknown [52]. Some non-model species might have
a unique energetics that can facilitate product synthesis. For
example, Algenol is developing the engineered cyanobacteria
for phototrophic ethanol production from CO, (http://
www.algenol.com/). Moreover, cyanobacterial species have
shown faster growth and higher production rate/titer by co-
utilization of organic substrates [53]. Cyanobacterial photo-
fermentations, using cheap feedstocks, CO, and light
energy, may facilitate cost-effective and large-scale biorefi-
neries. In fact, Nature is the best synthetic biologist and may
have already prepared us excellent chasses that we have not
discovered yet. When we try to out-do Nature’s perform-
ance, we must first assimilate her lessons of “Yin-Yang'.

Conclusions

We have discussed the Yin-Yang concept as the under-
lying regulatory mechanism in cell metabolism. Biosyn-
thesis of diverse useful products requires sophisticated
genetic pathway engineering to steer a high flux to the
final product while energy fitness requires the cell me-
tabolism to be wisely changed. Since the powerhouse in
microbial cell factory is not limitless, energy shortage
eventually leads to metabolic shifts and reduced cell
productivity in engineered microbes. The Yin-Yang bal-
ance may caution against the assumption that the host
metabolism can be modified extensively to produce any
desired products. By using fluxomics, we can formulate
guidelines to avoid many false starts and dead ends
during metabolic engineering. In addition, industrial
bioprocess always faces numerous constraints and
trade-offs (mass transfer limitations in fermentation,
sterilization, strain stability, contaminations, and aer-
ation costs). Feedstock selections, downstream product
separation, and waste treatment are critical issues that
impact product profitability. Thus, the design-build-
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test-learn cycle should cover both strain development 18
and economic analysis. Nevertheless, the Yin-Yang phil-
osophy provides general insights into all biotechnology |4
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