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ABSTRACT: The production of biofuels from renewable sugars isolated
from plants or produced through artificial photosynthesis would provide a
sustainable transportation fuel alternative for decreasing reliance on crude
oil, mitigating greenhouse gas emissions, creating new manufacturing jobs,
and enhancing national energy security. Since sugar costs usually account
for at least 50% of biofuels’ selling prices, it is vital to produce desired
biofuels with high product yields and at low production costs. Here I

suggest high-product yield and potentially low-cost biofuels production

through cell-free synthetic enzymatic pathway biotransformation (SyPaB) by in vitro assembly of stable enzymes and (biomimetic)
coenzymes. SyPaB can achieve high product yields or high energy efliciencies that living entities cannot achieve. Great potentials of
SyPaB, from chiral compounds, biodegradable sugar batteries, sulfur-free jet fuel, hydrogen, sugar hydrogen fuel cell vehicles, high-
density electricity storage, to synthetic starch, are motivation to solve the remaining obstacles by using available technologies, such as
protein engineering, enzyme immobilization, unit operations, and technology integration. The biotransformation through in vitro
assembly of numerous enhanced-performance and stable enzymes in one bioreactor that can last a very long reaction time (e.g.,
several months or even years) would be an out-of-the-box solution for high-yield and low-cost biofuels production.

KEYWORDS: artificial photosynthesis, biofuels, biological CO, fixation, hydrogen, in vitro synthetic biology, biocatalysis and

biotransformation, synthetic pathway biotransformation (SyPaB)

1. INTRODUCTION

Biofuels are usually defined as transportation fuels produced
from biological resources (e.g., corn kernels, sugar cane, lignocel-
lulosic biomass, and algal biomass) and/or through biological
conversions. As compared to the other energy consumption
sectors (e.g., industrial, residential, and commercial), transporta-
tion fuels that account for approximately 20% of total energy
consumption have some special requirements: high energy storage
capacity in a small container (e.g,, ~S0L), high power output (e.g.,
~20— 100 kW per vehicle), affordable fuel costs (e.g, $~20—30/GJ),
affordable vehicles, low costs for rebuilding the relevant infra-
structure, fast charging or refilling of the fuel (e.g,, several min per
time), safety, and so on.' > Currently, approximately 95% trans-
portation fuels are produced from crude oil. Concerns of
depleting crude oil reserves, climate change, national energy
security, and wealth transfer are driving the search for sustainable
transportation fuel alternatives.">*

The production of chemicals mediated by biocatalysts usually
has numerous advantages over chemical catalysis, such as higher
energy efficiency, higher chemical selectivity (i.e., higher product
yield), more modest reaction conditions, and lower costs of
bioreactors.””” Different scenarios of biofuels production have
been proposed starting from plant biomass, algal biomass, or
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even CO, plus hydrogen or electricity, but nearly all biofuels
(secondary energies) originate from the most abundant pri-
mary energy—solar energy. Since carbohydrates (e.g., cellulose,
hemicellulose, and starch) are the most abundant renewable
bioresource (e.g., ~100 billion tons per year), biofuels produc-
tion through carbohydrates would become a dominant platform
in the future. The scope of this perspective is restricted to
compare two different biocatalysts, living entities and synthetic
cascade enzymes, for the production of the best future biofuel,
namely, hydrogen, and the production of synthetic starch from
CO, but is not involved in bioenergy plants, cellulase engineer-
ing, other biofuels production, and algal biofuels. (Note: hydro-
gen is believed to be the best biofuel in the future because (i) it
can be utilized through fuel cells featuring higher energy effi-
ciencies compared to internal combustion engines, (ii) less
pollutants are produced, and (ii) it can be produced from diverse
energy sources.)
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5—F"

[Growth >[ Production > #8T o

(b) Protein fermentation-SyPaB (e.g., enzymatic H, production)

Production >

Enzyme purification
and/or immobilization

Figure 1. Comparison of microbial two-step biofuels production (a)
and a hybrid of microbial fermentation for bulk enzyme production and
cell-free synthetic enzymatic biotransformation (SyPaB) (b). Arrows
represent microbial fermentation or biotransformation.

Biofuels production R&D is typical of goal-oriented projects
with numerous constraints from economical, technological,
environmental, social, scalability, competing technologies, and
so on. Although so many advanced biofuels, including cellulosic
ethanol, long-chain alcohols (e.g., n-butanol, iso-butanol), fatty
acid ethyl esters, hydrogen, electricity, methane, bioalkanes, and
so on, have been produced in laboratories, most of them might
not be produced economically in the future. In industrial
processes, three key elements—product yield, product titer,
and reaction rate—mainly decide process economy. For biofuels
production based on available sugars, energy conversion effi-
ciency (or product yield) must be the No.1 cost factor because
sugar costs usually account for ~50—70% of prices of mature
biofuels.® "' The second important factor is product titer, which
is closely associated with separation costs, followed by produc-
tion rate. In it, a default assumption is that reasonable biofuels
production rates have been or will be accomplished, for example,
~0.2—1 g sugar consumed per liter per h.

Biofuels can be produced from sugars mediated by (i)
growing microbes, (ii) resting cells that are not active in the
process of cell division, and (iii) cascade enzymes. When
some constituent of cells (e.g., fatty acids) is a desired pro-
duct, the formation rates of such product are directly related
to the rates of cell growth, called growth-associated produc-
tion. At this situation, growing microbes insist on metabolizing
sugars for anabolism (i.e., allocation of sugars to other cell
components). Therefore, practical product yields are far below
from their theoretical yields.*'*'* From the point of view of
synthetic biology, both cell growth and undesired product
formation by living entities are a dissipation of the task that we
want them to do, resulting in relative low product yields. To
increase biofuels yields, it is vital to insulate basic anabolism
from biofuels production (Figure 1a). In practice, industrial
ethanol fermentations are usually conducted in two steps. At
the first step, yeasts consume sugars to produce a large amount
of cell mass with oxygen supplies; at the second step, yeasts
produce high-yield ethanol from glucose in the absence of
oxygen. When ethanol titer is high, it can stop yeast growth so
that yeasts turn to resting cells that produce ethanol only
without significant synthesis of cell mass’* (Figure 1a). Here I
extended the concept of high-yield resting cell biotransforma-
tion to high-yield cell-free synthetic pathway biotransforma-
tion (SyPaB) that can implement complicated biochemical

(a) Semi obic fer tation (b) Anaerobic fermentation (c) SyPaB
100% 100% 100%

Cell mass Cell mass

~5-10%  ~22%

~25-30%

~60-65% ~80-90% ~120%
FAEEs ethanol H2

Figure 2. Energy efficiency comparison for fatty acid ethyl esters
fermentation by semiaerobic fermentation (a), ethanol fermentation
by anaerobic fermentation (b), and hydrogen production by SyPaB (c).
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Figure 3. Evolution of enzyme-based biotransformation from cell-free
ethanol fermentation (discovery of enzymes), single enzyme biotrans-
formation, multiple-enzyme one pot to cell-free protein synthesis, in
vitro synthetic biology, and cell-free synthetic pathway biotransforma-
tion in terms of time and increasing system complexity.

reactions by the in vitro assembly of numerous enzymes and
coenzymes.g’ls_17 In SyPaB, the insulation of cell growth from
product formation is implemented by process operations
(Figure 1b).

An analysis based on thermodynamics and bioenergetics was
conducted for assessing upper limits of energy efficiency for the
production of fatty acid ethyl esters (FAEEs) by semiaerobic
fermentation, ethanol by anaerobic fermentation, and hydrogen
by SyPaB (Figure 2).* According to their biochemical pathways
and thermodynamics, 100% product yields result in ~10%
combustion energy loss for FAEEs, ~5% loss for ethanol, and
~22% gain for hydrogen.*'®'® Since a fraction of sugar must be
consumed for biocatalyst synthesis, potential yields of biofuels
should be lower than their theoretical yields. An imbalance of
coenzymes in microbial FAEEs production leads to a significant
fraction of carbohydrate loss for the synthesis of cell mass in
semiaerobic fermentation. As a result, only 60—65% of the
combustion energy in sugar would be converted to FAEEs.
Ethanol fermentation has much better energy-retaining efficien-
cies because of (i) anaerobic fermentation and (ii) uncoupling of
cell growth and product formation. Therefore, ethanol is a very
good liquid biofuel now. The best case would be hydrogen
produced by SyPaB because of 22% of extra enthalpy gain by
absorbing waste heat (i.e., the combustion energy of hydrogen is
more than that of sugar) and a very small amount of sugar
consumed for the synthesis of cascade enzymes when enzymes
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have total turnover number (TTN) values of 10’—10° mol
product per mol enzyme.*'>*°

In this perspective, I present an out-of-the-box solution for a
high-yield and potentially low-cost biofuels production platform,
SyPaB, featuring very high product yields and fast reaction rates
that can insulate protein synthesis from biofuels production,
review the brief history of enzyme-based biotransformations,
argue SyPaB as a new low-cost biomanufacturing platform, and
discuss challenges and opportunities of SyPaB.

2. HISTORY OF ENZYME-BASED
BIOTRANSFORMATIONS

Long before people had a clue about the nature of biotrans-
formation, certain properties of microorganisms had been long
exploited for commercial processes, such as in the production of
beer, wine, vinegar, soy sauce, and cheese, and the preservation of
vegetables by pickling. Central to the rational use of biocatalysts
has been a stream of theoretical understanding of the nature of
living biocatalysts and related enzymes. The developments of
enzyme-based biotransformations (Figure 3) can be divided
roughly into four phases:

Phase 1 (1897). Recognition of biotransformation occurrence
in the absence of living cells (cell-free ethanol fermentatlon by
Eduard Bucher, Nobel Prize in Chemistry, 1907) Later, more
studies were focused on studies of enzymes responsible for
natural enzymatic pathways in basic metabolisms. For example,
Otto Fritz Meyerhof won the Nobel Prize in Physiology or
Medicine in 1922 for his elucidation of the glycolytic pathway.*"
Even now, in vitro reconstitution of natural pathways is still an
important tool to understand and discover in vivo complicated
biochemical reactions or pathways.”>>

Phase 2 (1960s). Utilization of one enzyme for simple
biotransformation.>** Clearly, the use of isolated enzymes for
the production of chemicals has a much shorter history than
microbial fermentation. Invertase may be the first immobilized
enzyme used commercially for the production of Golden Syrup
by Tate & Lyle in World War II. Industrial process for L-amino
acid production by soluble aminoacylase was developed in 1954.
In 1969, Tanabe Seiyaku Co. (Japan) started the industrial
production of L-methionine by using immobilized aminoacylase
in a packed bed reactor. In 1967, the Clinton Corn Processing
Company (U.S.A.) was the first to produce fructose corn syrup
by glucose isomerase. Currently, immobilized glucose isomerase
Sweetzyme T (Novo, Denmark) is packed into columns for
conversion of glucose into fructose. The longest working lifetime
of immobilized glucose isomerase is 687 days at 55 °C and pH 7.5
by Kato Kagaku (Japan). Now, annual enzyrnatlc fructose
production from glucose exceeds 9 million tons.** Enzymatic
acrylamide production was initiated in 198S. Currently, more
than 100,000 tons of acrylamlde is produced by using immobi-
lized nitrile hydratases per year.”* Discovery and utilization of
thermoenzymes, protein engineering including directed evolu-
tion, rational design and their combination, high-cell density
fermentation for low-cost recombinant protein production, and
enzyme immobilization have enabled the production of very
stable recombinant enzyme at very low costs.”> >

Phase 3 (1990s). Utilization of multienzyme one pot for
relatively complicated biotransformation because most enzymes
can function under similar conditions. Multienzyme one pot
has numerous benefits: fewer unit operations, smaller reactor
volume, higher volumetric and space-time yields, shorter cycle

times, and less waste generated. Also, by coupling steps together,
unfavorable equilibria can be driven toward the formation of
desired products.”**° For cofactor-dependent enzyme reac-
tions, it is not economically feasible to continuously provide
costly cofactors in biomanufacturing. Therefore, in situ NAD-
(P)H-regenerated by another enzyme is becoming more and
more accepted, especially for the synthesis of hi§h—value chiral
compounds in the pharmaceutical industry.'”*"** NAD(P)H is
usually generated by using a pair of a hydrogen-donor substrate
and a single enzyme, including formate/formate dehydro-
genase,” glucose/glucose dehydrogenase,* glucose-6-phos-
phate/glucose-6-phosphate  dehydrogenase,*®  dihydrogen/
hydrogenase,® and phosphite/phosphite dehydrogenase.” In
another case, enzymatic hydrolysis of crystalline cellulose require
a synergetic action of endoglucanases, cellobiohydrolases, and
beta-glucosidases.>”>” In the organic chemistry field, the synth-
esis of monosaccharides, activated monosaccharides, oligosac-
charides, and glycopeptides by usmg multienzyme one pot has
been intensively investigated.*’

Phase 4 (2000s). Utilization of numerous cascade enzymes for
very complicated biotransformation. It includes three repre-
sentative directions: (1) cell-free protein synthesis (CFPS),
which utilizes natural protein synthesis systems in cell lysates
for fast synthesis of proteins for research purpose and the
production of high-value antibodies or other proteins,*”** (2)
in vitro synthetic biology for the production of high-value
products,”>**~>*and (3) synthetic pathway biotransformation
(SyPaB) for low-value biofuels production.”'>'” Different
from CFPS and high-value product formation, SyPaB must
have balanced cofactors and ATP in vitro.'"” In addition,
thermodynamics must be analyzed to ensure designed non-
natural processes to take place as expected. The development
cycle of SyPaB is composed of five parts: (i) pathway recon-
struction, (ii) enzyme selection, (iii) enzyme engmeerm§
(iv) enzyme production, and (v) bioprocess engineering.”>"’
Whole SyPaB processes can be improved in an iterative
manner, radually leading to a low-cost industrial bio-
process.”'>'” The SyPaB technology has successfully achieved
some breakthroughs that neither microbes nor chemical cata-
lysts could implement before, such as production of nearly
12 mol of hydrogen from per mol of anhydroglucose and
water,'”> ultrahigh-yield regeneratlon of NAD(P)H in microbe-
toxic biomass hydrolysate, enzymatic conversion of ethanol and
CO, to lactate,”* and so on.

3. BIOCATALYSTS: LIVING ENTITIES VERSUS SYPAB

Although SyPaB and living entities are responsible for
transforming similar-level complicated biochemical reactions,
SyPaB featuring high product yields and fast reaction rates
enable it to play more important roles in biofuels production
because (energy) conversion efficiencies will be 1mportant to
decide their production economics in a long-term® and thelr
reaction rates will be vital to their potential applications."
Here we present two SyPaB examples, which do much better
than do natural living entities.

3.1. Hydrogen Production from Sugars. The global bio-
sphere produces more than 250 million tons of biohydrogen per
year.>® Most hydrogen arises from anaerobic fermentation of
carbohydrate previously fixed by photosynthesis, followed by its
consumption along with CO, or organic acid reduction by
methanogenic archaebacteria. On oceanic continental shelves

1000 dx.doi.org/10.1021/cs200218f |ACS Catal. 2011, 1,998-1009



ACS Catalysis

PERSPECTIVE

(a) enteric bacteria

(b) clostridia

metabolism

¥R

Eight enzymes

Figure 4. Scheme of microbial hydrogen production by enteric bacteria
(a), clostridia (b), and by SyPaB (c).

and in permafrost regions, methane has been accumulated
extensively as methane hydrate deposits, which exceed petro-
leum, coal, and natural gas deposits combined. In other locales,
methane is released to the atmosphere, a much stronger green-
house gas than carbon dioxide.

Natural microorganisms can produce hydrogen from sugars
through different pathways.*®*”>? The upper limit of hydro-
gen yield for living entities is 4 mol of H, produced per mol of
glucose equivalent consumed plus 2 acetic acids, called the
Thauer limit (eq 1).°%°

C6H1206(aq) + ZHzo(l) - 4H2(g) + 2C02(g) + 2C2H402(1)
(1)

Enteric microorganisms include facultative anaerobic bacteria,
such as Enterobacter aerogenes, Enterobacter cloacae, and Escher-
ichia coli. Since they can grow under aerobic conditions for high-
cell mass concentrations, such high-cell masses result in extra-
ordinarily high volumetric H, productivities. However, specific
H, yields of enteric bacteria are relatively low, usually less than
two mol of H, per mol of glucose because of their central
metabolism, where hydrogen is generated from pyruvate—
formate lyase and formate hydrogen lyase® (Figure 4a). NADH
is generated from the glycolytic pathway, but this coenzyme is
not a favorable electron carrier for hydrogen generation at
moderate temperatures. The clostridia are obligate anaerobes
capable of producing organic solvents as well as H, through a
mixed acid pathway (Figure 4b). These microorganisms are the
predominant organisms in mixed microflora capable of produ-
cing H, from biomass waste treatment.®! Different from enteric
bacteria, H, production by many clostridia species is catalyzed by
the combination of pyruvate:ferredoxin oxidoreductases (POR)
and Fe-only hydrogenase.”” NADH can donate electrons
to ferredoxin by NADH:ferredoxin oxidoreductase.*® Several
clostridial species have been evaluated for their potential as

biohydrogen producers.”’ Hyperthermophiles can produce
nearly 4 mol of H, produced per mol of glucose equivalent,
albeit at lower volumetric productivities than observed for
mesophilic bacteria.”” In spite of intensive efforts in metabolic
engineering and synthetic biology, none of natural or engi-
neered microorganisms can produce hydrogen more than the
Thauer limit.>”%*~%

To break the Thauer limit, a non-natural synthetic pathway
has been designed to split water by using the chemical energy in
starch.'” As a result, far more than 4 mol of hydrogen per mol
of glucose unit from starch and water is produced."”

CeHi0Os(aq) + 7H,O(1) — 12H,(g) + 6COs(g)  (2)

This non-natural synthetic catabolic pathway is composed of
13 enzymes together (Figure 4c). The pathway contains four
biocatalytic modules: (i) a chain-shortening phosphorylation
reaction for producing glucose-1-phosphate (glp) catalyzed by
glucan phosphorylase (eq 3); (ii) generation of glucose-6-
phosphate (g6p) from glp catalyzed by phosphoglucomutase
(eq 4); (iii) generation of 12 NADPH from g6p through a
pentose phosphate pathway plus four enzymes in the glycolysis
and gluconeogenesis pathways (eq S); and (iv) generation of
hydrogen from NADPH catalyzed by hydrogenase (eq 6).

(C¢H100s), + P; = (C¢Hy00s), , + glp (3)
glp = gbp (4)

g6p + 12NADP' + 7H,0 == 12NADPH + 12H'
+6CO, + P, ()

12NADPH + 12H" = 12H, + 12NADP* (6)

Thermodynamic analysis suggests that the overall reac-
tions from starch or cellulosic materials and water are
spontaneous and endothermic (i.e., AG® = —49.8 kJ/mol
and AH® = +598 kJ/mol)."”® Such reactions are driven by
entropy gains rather than enthalpy losses. These entropy-
driven chemical reactions can generate the chemical energy in
the form of hydrogen more than the chemical energy in
polysaccharides by absorbing ambient-temperature thermal
energy.lg’53 The removal of gaseous products, H, and CO,,
from the aqueous phase under mild reaction conditions
(<100 °C and ~1 atm) favors the unidirectional reactions
for the formation of hydrogen.'”* Similarly, another entro-
py-driven bioreaction is C,H,0,(aq) — CHy(g) + CO,(g)
mediated by methanogenesis microorganisms, resulting in
1.7% combustion energy gain. Two spontaneous endother-
mic chemical reactions are N,Os(s) — 2 NO,(g) + '/,0,(g)
and Ba(OH), - 8H,0(s) + 2NH,SCN(s) — Ba(SCN),(aq) +
2NH;(aq) + 10H,0(1).” All of the above entropy-driven
reactions involve phase changes from more orderly to less
orderly.

3.2. Biological CO, Fixation. Carbon dioxide can be biologi-
cally fixed by plants, microorganisms, and animals. Most plants
fix carbon dioxide by using chloroplasts through the reductive
pentose-phosphate cycle, that is, the Calvin—Benson cycle.
Microorganisms can fix CO, through six pathways: the reductive
citric acid cycle,% the reductive acetyl-CoA pathway (Wood—
Ljungdahl pathway),*® the 3-hydroxypropionate pathway,® the
3-hydroxypropionate-4-hydro:gybutyrate cycle, and dicarboxy-
late-4-hydroxylbutyrate cycle.”” Sometimes, animal tissues, such
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as liver cells, have been found to fix CO, to produce cell
constituents (e.g,, glycogen).”* All of natural biological CO,
fixation pathways require 12 mol of the reduced cofactor
(NADPH) or its equivalents plus several mol of ATP for the
generation of one mol of glucose from 6 mol of CO,. The ATP
number consumed depends on the 2pathways in microorganisms
and plants, ranging from 2 to 30.”%7* Here ATP is an extra energy
driving force for implementing thermodynamically-unfavorable
reactions because most times CO,, concentrations in the envir-
onments are very low. When high concentration of CO, is
available, the number of ATP consumed per glucose unit may
be decreased greatly.

Plant photosynthesis utilizes intermittent low-energy concen-
tration solar energy (e.g., ~170 W/m”) and fixes CO, in the form
of carbohydrate. But natural plant photosynthesis has pretty low
energy efficiencies from solar energy to chemical energy of
4.6—6.0% (theoretical), ~3—4% (peak), ~1—2% (dedicated
crops), and ~0.2—0.3% (global average).”>~”® Such low effi-
ciencies are mainly attributed to four factors: (i) narrow light
absorption spectrum by chlorophylls, (ii) unmatched reaction
rates between light reactions and dark reactions, (iii) relatively
low efficiencies of carbohydrate synthesis, and (iv) carbohydrate
losses because of respiration of living entities.”>

To surpass low-efficiency plant photosynthesis for CO,
fixation, another potential application of SyPaB is to fix CO,
through a non-natural ATP-neutral high-efficiency pathway’’
(Figure 4, eq 7)

8CO,(g) + 18Hy(g) — CeH 0O0s(s) + CoHsO(I) + 10H,O(1)
(7)

where the inputs are CO, and hydrogen; the outputs are water-
insoluble amylose (linear starch), volatile ethanol (C,HsO),
and water.
The hypothetical hydrogen/CO,-to-carbohydrate process is
composed of six biocatalytic modules, including
(1) NADH is generated from hydrogen by using hydroge-
nase (eq 8)7%7°

18NAD' + 18H, = 18NADH + 18H" (8)

(2) CO, fixation to formaldehyde (CH,O) mediated by
formate dehydrogenase and formaldehyde dehydrogen-
ase (eq 9)," %

9CO, + 18NADH + 18H' = 9CH,0
+ 9H,0 + 18NAD* (9)

(3) conversion of formaldehyde to fructose-6-phosphate
(fép) by 3-hexulose-6-phosphate synthase and hexulose
phosphate isomerase from the ribulose monophosphate
pathway (eq 10),%%*

9CH,0 + 9ruSp == 9f6p (10)

(4) ribulose-S-phosphate (ruSp) regeneration by the eight
enzymes from the nonoxidative pentose phosphate
pathway (eq 11),'7*

8f6p + 2ATP — 9ruSp + g3p + 2ADP  (11)

(5) ethanol production from glyceraldehydes-3-phosphate
(g3p) by the seven enzymes from the glycolysis and

9 NADH
9 NAD*
9 HCOOH

9 NADHP@.
9 NAD*
9 HCHO 9 ru5p

9 hu6p

2 f6p2 f16

g6p 2ATP 2 ADP

18 H,

L)

metabolite

NAD* NADH
P pyruvate
PDC, ADH,

Figure S. In vitro ATP-balanced synthetic pathway of CO, fixation by
using hydrogen for the production of synthetic starch and ethanol.

(starch)

ethanogenesis pathway (eq 12),

g3p + P; + 2ADP — C,H¢O + CO, + H,O + 2ATP

(12)

(6) starch (amylose, a linear a.-1,4-glucosidic bond starch)
lengthening reaction mediated by starch phosphorylase
along with phosphog}ucose isomerase and phosphoglu-
comutase (eq 13),"*”

f6p + (CéHloos)n - (CéHloos)n+1 + Pi (13)

The combination of eqs 8—13 results in eq 7 with an energy
conversion efficiency of 81%.”” The standard Gibbs free energy
of eq 7 is —54.5 kJ/mol, implying that the above reaction may
occur spontaneously under standard conditions. The overall
reaction could be operative since (i) nearly each reaction is
reversible, except 6-phosphofructokinase and pyruvate kinase,
both of which control the overall reaction direction, (ii) each
module (eqs 8—13) involving several enzymatic steps has been
implemented successfully in the literature, and (iii) the Gibbs
free energy is negative. This process can drive forward the desired
products through several process operations: (i) high-pressure
and high concentration CO, from a power station or a CO,
storage site is used for a high driving force for this artificial
photosynthesis, (ii) the amylose-lengthening reaction occurs on
the nonreducing ends of amylose and amylose is more insoluble
in the presence of ethanol, and (iii) ethanol can be stripped from
the aqueous phase. Instead of putting all of enzymes in SyPaB in
one reactor, it is possible to separate several cascade reactions
into several bioreactors in series, as demonstrated in the synthesis
of p-ribulose-1,5-bisphosphate from 3-phospho-glycerate.* In
the starch synthesis step (eq 13), this reaction may be run like
solid-phase synthesis, where anhydroglucose units are added on
the nonreducing ends of amylose one by one.

The major potential applications of such artificial photo-
synthesis could be the storage of low-cost renewable hydrogen
or electricity in the form of starch and ethanol on a large scale
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Table 2. Analysis of Potential Hydrogen Rate Increases for Sugar-to-Hydrogen Mediated by SyPaB

technology

increasing reaction temperatures from 30 to 80 °C or even higher 32

increasing the use of enzymes responsible for rate-limiting reactions 10

increasing overall enzyme concentration 10
increasing substrate concentration by 50-fold 10
creating metabolite channeling among cascade enzymes ~2-50
increasing catalytic efficiency of enzymes ~10

overall accelerating rates

potential fold ref.

640,000—32,000,000

predicted fold”

Q10 effect for hyperthermophilic hydrogenaseb130 4-20

S3 2-5§

106 N

S3 N

95,131,132 2
500—5,000

“ Predicted folds based on each technology may change greatly. It is feasible to increase reaction rates by 3000-fold to be the same level as compared to

the highest microbial hydrogen generation rates.'* b

P. furiosus hydrogenase responsible for the rate-limited step in the sugar-to-hydrogen production,

exhibited approximately 1% of its maximum activity at ~30 °C. Increasing reaction temperature along with the use of other thermoenzymes would

accelerate hydrogen generation rates greatly.

and the production of feed and food in emergency cases, such as
volcanic winter. A combination of high efficiency solar cells with
solar-to-electricity efficiencies of 18—429%,® water electrolysis
with electricity-to-hydrogen efficiencies of ~85%,*” and carbo-
hydrate generation from H, and CO, with an efliciency of
~80% here would have overall solar energy-to-carbohydrate
efficiencies from 12 to 29%, much higher than those of natural
plant photosynthesis.”>”® The much higher efficiencies of this
artificial photosynthesis are mainly attributed to (i) higher
efficiency solar cells that can utilize a broader wavelength range
of solar insolation, (ii) no respiration (energy) losses in cell-free
biocatalysis systems, and (iii) higher-energy efficiency synthetic
pathway of starch (Figure S). Since solar/wind electricity can be
easily collected by wires and be distributed by grids, it would be
teasible to produce synthetic starch 24/7 at well-controlled
bioreactors. More appealing, this artificial photosynthesis does
not require a large amount of water for plant transpiration,
resulting in potential conservation of fresh water by about 500-
fold or higher.**®” The pollutants generated from bioreactors
can be treated more easily than those from agricultural land
because they are point pollution sources.”® Modern farming
requires significantly high inputs from nutrients (e.g., nitrogen
and phosphorus), herbicides, and pesticides for high crop
productivities.”’ Only a fraction of fertilizers (e.g, ~30—
50%) are utilized by plants, resulting in severe nonpoint water
pollution from agricultural land.”> Waste water pretreatment
for bioreactors would be much easier than those from
agricultural Jand.

Approximately 10—60 fold increases in area-specific starch
productivity and ~500—1000 fold water reduction per weight
of starch synthesis through this artificial photosynthesis would
drastically decrease land uses for biofuels production and
reduce or eliminate land/water competition with food and
feed production. Also, the conversion of starch to biofuels
and value-added chemicals is much more easy than that of
nonfood biomass.”®”*%*

4. CHALLENGES AND OPPORTUNITIES

Construction of in vitro synthetic enzymatic pathways is
much easier than modification of living biological entities so
that in vitro reconstitution of enzymatic pathwagrs has long
been used for understanding natural pathways.”>** In the
future, in vitro synthetic cascade enzymes would become a
low-cost biomanufacturing platform, where product yield is
the most critical factor for economically viable production of
biofuels. Different from living biological entities operated far

from thermodynamic equilibrium and their complicated
regulation mechanisms, which are being elucidated by inten-
sive efforts of systems biology and synthetic biology, cell-free
systems can be accessed, regulated, operated, and scaled up
easily. For example, it is relatively easy to get very high
product yields, although all of the enzymes are obtained from
different sources and their optimal conditions are not
matched well **%%33

The challenges or doubts of low-cost biomanufacturing SyPaB are
attributed to a fixed paradigm of most bioengineers and scientists.
The possible causes include (i) enzyme instability, (ii) costly
enzymes, (iii) costly and labile coenzymes, (iv) a lack of stable
enzymes, (v) different optimal conditions for different enzymes, and
(vi) scalability potential”'* To address the above challenges, the
respective solutions and supportive examples are listed in Table 1.
For example, enzyme instability can be addressed by thermoen-
zymes, protein engineering through directed evolution and rational
design, enzyme immobilization, and their combinations. The pre-
vious economic analyses suggest that enzyme costs would be
minimal when total turnover numbers (TTN) of all enzymes are
larger than 10"—10° mol of product per mol of enzyme.'*'>*° In
practice, it is very feasible to obtain enzymes with such high TTN
values from natural thermoenzymes, for example, Clostridium ther-
mocellum phosphoglucomutase,” Thermotoga maritima 6-phospho-
gluconate clehydrogenase,26 T. maritima fructose-1,6-bisphosph-
atase,” and C. thermocellum phosphoglucose isomerase.”® With
respect to costly enzyme, bulk industrial enzymes can be produced
and obtained at very low costs, for example, $~5 per kg of crude
protease produced by Bacillus subtilis, $5—10 per kg of cellulase
produced by Trichoderma spp., and tens of U.S. dollars per kg of
recombinant proteins produced in E. coli."* Several low-cost scalable
protein purification approaches are available, for example, simple
centrifugation for secretory enzymes, adsorption/desorption on low-
cost cellulosic materials,”®” heat precipitation for thermostable
<enzymes,26’98 ammonia precipitation,M’99 and one-step enzyme puri-
fication and immobilization.”® Therefore, purification costs for bulk
recombinant thermoenzymes would become minor.

Currently, the largest obstacle to SyPaB may be costly coen-
zymes, NADH and NADPH. The labile coenzyme issue can be
addressed by the use of low-cost and stable NAD biomimetic
coenzymes. But this research area is in its infancy'*>'®" because
there were no large markets before. Several redox enzymes (e.g,
P450 and alcohol dehydrogenase) have been engineered for better
performance on biomimetic coenzymes.'”~'** With developments
in (i) engineered oxidoreductases that can use biomimetic NAD
coenzymes and (ii) stable enzymes as building blocks of SyPaB, we

1004 dx.doi.org/10.1021/cs200218f |ACS Catal. 2011, 1,998-1009
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Figure 6. Different biofuels scenarios based on plant biomass through natural photosynthesis (near future) and starch produced by artificial
photosynthesis (far future), where high-yield and low-cost SyPaB would have a central role for different biofuels production. The data in red represent

energy efficiencies mediated by SyPaB featuring ~99% mass conversion.

estimate that ultimate hydrogen production costs may decrease to
~$1.50 per kg of hydrogen, where carbohydrate ($0.22/kg)
accounts for ~95% of its production costs, in part because
biohydrogen has very low separation and purification costs and
the other chemicals in reactors can be recycled."*'®

Enzymatic reactions are wusually faster than microbial
fermentations™' %> mainly because neither the dilution of bioma-
cromolecules (e.g., DNA, RNA, other proteins, etc.) nor the mass
transfer barriers resulted from the cellular membrane.”'* Current
enzymatic hydrogen generation rates are comparable with those
of anaerobic hydrogen fermentation and are much faster than
photobiological hydrogen fermentation.>® As compared to the
highest microbial }?rdrogen production rates (ie, 236 g Hy/ L/h)
in the literature,'° the current enzymatic hydrogen rate>* would
have a potential of ~3000-fold reaction rate increases. Table 2
shows potential methods for increasing reaction rates for sugary
hydrogen mediated by SyPaB. They are: (i) increasing reaction
temperatures, (i) increasing the use of enzymes responsible for
rate-limiting reactions, (i) increasing substrate concentrations,
(iv) increasing overall enzyme concentrations, (v) accelerating
the reaction rates by metabolite (product) channeling, and (vi)
increasing the catalytic efficiency of enzymes to catalytically
perfect enzymes. With more collaboration among biologists,
chemists, and engineers all round the world and system optimi-
zation, the reaction rates of SyPaB would be accelerated by
several orders of magnitude.' In partial support to this prediction,
power densities of microbial fuel cells have been enhanced by
nearly 10,000,000 fold through intensive efforts during the past
one and a half decade.'”’

SyPaB-based applications are increasing greatly. Table 3 pre-
sents several potential applications, as compared to their
competing technologies, technology readiness levels (TRL),'®
remaining obstacles, and respective solutions. Since each appli-
cation has its unique market, it has different technology chal-
lenges (Table 3). For example, a promising application is
enzymatic fuel cells (EFC) powering (low-power) portable
electronics, such as cellular phones and MP3 players.'*>'*!'1°
Several big companies (e.g, Sony and Nokia) and small

companies (e.g, Gate Fuels and Akermin) are developing
enzymatic fuel cells. To our knowledge, the highest power
densities of enzymatic fuel cells based on sugar are about 5—10
mW/cm” of anode, sufficient to power a Sony Walkman.''"'"
To increase fuel utilization efficiency, cascade enzymes
are usually employed."'>""*>~''*> Complete conversion of sugar
energy to electricity would have 4-fold benefits: high energy
utilization efficiency, high energy storage density, low product
inhibition, and high power density.”'*''® It is estimated that
complete oxidization of a 20% sugar/water solution (17 MJ/kg
sugar X20%) would lead to energy storage densities of up to 1.7
M]J (i.e.,, 470 Wh) electricity per kg of the fuel solution based on
~100% Coulombic efficiency and ~50% voltage efliciency.
Clearly, such high-energy density biodegradable EFCs might
replace some primary batteries and secondary batteries in the
future.>>"'"”

5. BIOFUELS PERSPECTIVE

Enzyme-based biotransformations are evolving from a single
enzyme to multienzyme one pot to synthetic cascade enzymes.
SyPaB features unique advantages: great engineering flexibility,
high product yields, fast reaction rates, broad reaction conditions
(e.g, high temperature and/or low pH), easy operation and
control, and tolerance of microorganism-toxic compounds.”'>'*°
Therefore, SyPaB would play more important roles in some
yield-sensitive applications, such as biofuels production, because
thermodynamics (energy efficiency) determines economics (cost)
in the long term."'®

What biofuels would be short-term (e.g, S years), middle-
term (e.g, 10—20 years), and long-term (e.g, > 20 years)
winners is under debate. But it is worth pointing out that high-
yield conversion would defeat low-yield conversion eventually
because of a megatrend of increasing energy utilization efficiency.
In the future, transportation fuels could mainly consist of
hydrogen from carbohydrates for light-duty vehicles, electricity
from renewable energy sources for short-distance vehicles, and
high-energy density liquid biofuels (e.g, hydrocarbons and

1006 dx.doi.org/10.1021/cs200218f |ACS Catal. 2011, 1,998-1009
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butanol) made from biomass for jet planes."”'"” On the basis of
available biomass resources and pretreatment (Figure 6a), liquid
hemicellulose sugars and solid cellulosic materials may be con-
verted to jet fuel and hydrogen through high-yield SyPaB,
respectively. Liquid jet fuel can be produced through a hybrid
of high-yield SyPaB and aqueous phase reforming with an overall
energy retaining efficiency (~95%), much higher than fatty acid
ester fermentation (~60—65%) and butanol fermentation
(~85%).%*° Cellulosic materials can be converted to hydrogen
in local stations for providing hydrogen for proton exchange
membrane fuel cell vehicles.>* In the far future, synthetic starch
used for electricity/hydrogen storage (e.g, > 8 mass H,% or
11—14 MJ electricity/kg starch) may be generated through
artificial photosynthesis with an hydrogen-to-starch efficiency
of ~80% mediated by SyPaB. Also, starch can be converted back
to hydrogen or electricity for different applications. For example,
fuel cell-based sugar vehicles that would store starch as a high-
density hydrogen carrier might become ultrahigh energy effi-
ciency prime movers. 3120

In a word, great potentials of high-yield SyPaB (Table 3)
would motivate the transformation of basic research to real
applications by integrating well-known technologies (Table 1).
The maturation of genomics, molecular biology, techniques for
enzyme engineering, low-cost enzyme production, purification,
and immobilization has led to highly eflicient, tunable enzymes
tailored for specific large-scale industrial production. The
biotransformation through in vitro assembly of numerous
enhanced performance and stable enzymes in one bioreactor
that can last a very long reaction time (e.g., several months or
even years) would become a disruptive technology for low-cost
biomanufacturing, especially for the production of biofuels
where product yield is the most important cost factor.
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