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ABSTRACT

The production of hydrogen from low-cost abundant renewable biomass would be vital to
sustainable development. Cell-free (in vitro) biosystems comprised of synthetic
enzymatic pathways would be a promising biomanufacturing platform due to several
advantages, such as high product yield, fast reaction rate, easy control and access, and so
on. However, it is essential to produce (purified) enzymes at low costs and stabilize them
for long periods to decrease biocatalyst costs.

Thermophilic recombinant enzymes as building blocks were discovered and developed:
fructose 1,6-bisphosphatase (FBP) from Thermotoga maritime, phosphoglucose
isomerase (PGI) from Clostridium thermocellum, triose phosphate isomerase (TIM) from
Thermus thermophiles and fructose bisphosphate aldolase (ALD) from T. maritima and T.
thermophilus. The recombinant proteins were over-expressed in E. coli, purified and
characterized.

For purification and stabilization of enzymes, one-step, simple, low-cost purification and
immobilization methods were developed based on simple adsorption of cellulose-binding
module (CBM)-tagged protein on the external surface of high-capacity regenerated

amorphous cellulose. Also, a simple, low-cost purification method of thermophilic
enzymes was developed utilizing a combination of heat and ammonium sulfate
precipitation.

For development of cascade enzymes as building modules (biocatalyst modules), it was
discovered that the presence of other enzymes/proteins had a strong synergetic effect on
the stabilization of the thermolabile enzyme (e.g., PGI) due to the in vitro
macromolecular crowding effect. And substrate channeling among CBM-tagged selfassembled three-enzyme complex (synthetic matabolon) immobilized on the easilyrecycled cellulose-containing magnetic nanoparticles can not only increase cascade
reaction rates greatly, but also decrease enzyme cost in cell-free biosystems.

The high product yield and fast reaction rate of dihydrogen from sucrose was validated in
a batch reaction containing fifteen enzymes comprising a non-natural synthetic pathway.
The yield of dihydrogen production from 2 mM of sucrose was 96.7 % compared to
theoretical yield at 37 oC. The maximum rate was increased 3.1 fold when the substrate
concentration was increased from 2 to 50 mM in a fed-batch reaction.

The research and development of cell-free biosystems for biomanufacturing require more
efforts, especially in low-cost recombinant thermostable enzymes as building blocks,
efficient cofactor recycling, enzyme and cofactor stabilization, and fast reaction rates.
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CHAPTER 1

INTRODUCTION
Energy crisis and alternative energy source
Concerns about the depletion of fossil fuels and accumulation of atmospheric greenhouse
gases from non-renewable resources increase the importance of finding solutions to
challenging energy problems. Recently, many researchers in academia and industry have
focused on alternative energy for replacement of fossil-based energy sources. Sustainable
and clean energy sources such as wind power, solar power, hydropower, tidal energy,
biomass-based energy, and so on are particularly appealing [1]. Specifically,
transportation fuels are an enormous issue today because the greatest portion of a refined
barrel of crude oil typically becomes fuel for transportation. Based on the 2011 report
from U.S. Energy Information Administration, 36 percent of US energy demand is
dependent on crude oil, and 70 percent of crude oil is directed for use in transportation
such as gasoline, diesel, and jet fuel. Another 24 percent is used in industry and
manufacturing, 5 percent is used in the commercial and residential sectors, and 1 percent
is used to generate electricity [2].

In recent years, bio-ethanol has become the most common biofuel, and ethanol as a fuel
has many benefits. The partial replacement of gasoline made from crude oil with ethanol
results in a reduction in CO2 emissions compared to gasoline. However, most bioethanol
is produced through anaerobic fermentation of sugars from sugarcane and corn.
Additionally, ethanol (24 MJ/L) is not an ideal replacement for gasoline because it has a
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high water content and low energy density relative to gasoline [3,4]. Electric batteries are
energy carriers for transportable devices or vehicles. However, the energy density of a
rechargeable lithium ion battery is less than 5 percent of liquid fuels and these batteries
are slow to recharge and expensive to produce.

Hydrogen is widely believed to be one of the best future energy carriers and energy
storage media, called the hydrogen economy, mainly because of higher energy
conversion efficiency through fuel cells and fewer pollutants generated in end users. One
of the advantages of hydrogen is a much higher energy conversion efficiency from
chemical energy to electricity through fuel cell systems, especially when compared to
internal combustion engines where pollutants are generated [5]. Hydrogen can be
produced by several energy sources, such as crude oil, coal, biomass, natural gas, solar
energy, wind energy, etc [1].

Transportation fuels are required to be stored in high gravimetric and volumetric density
for a long distance traveling before refilling. However, the gravimetric energy density of
hydrogen is 143 MJ/kg while the volumetric energy density is only 0.01 MJ/L, because it
exists in the gas phase at standard temperature and pressure (STP). Although hydrogen is
a promising clean energy source, fuel cell systems using hydrogen as a source of
electricity have some challenges, including difficult and costly hydrogen storage, high
production and distribution costs, and safety concerns [5,6]. The future of energy supply
depends on innovative breakthroughs regarding the design of cheap, sustainable, and
efficient systems for the conversion and storage of renewable energy sources [7].
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Hydrogen generation from renewable biomass
Hydrogen is mainly produced from nonrenewable natural gas, petroleum, and coal [8],
but could be made from renewable resources such as biomass or water [9]. The
production of hydrogen from biomass is appealing because biomass is abundant
renewable energy source as a potential high-density and low-cost hydrogen carrier
[10,11]. Theoretically, 12 moles of hydrogen can be produced per mole of glucose and
water. There are several methods for production of hydrogen from biomass, such as
enzymatic decomposition [12], gasification [13], steam reforming [14], and aqueous
phase reforming [15]. However, these methods suffer from low product yields [10]. As a
biological way, natural and metabolic engineered hydrogen-producing microorganisms
cannot produce high-yield hydrogen from sugars due to the Thauer limit (i.e., 4 moles of
hydrogen per mole of hexose) [16-20].

To break the constraints of microorganisms, recently, cell-free metabolic engineering is
suggested to achieve complicated biological reactions by the in vitro assembly of
numerous (purified) enzymes. Woodward and his co-workers demonstrated to produce
11.6 moles of hydrogen from one of glucose-6-phosphate [21] but high-cost substrate
stops its potential production. Later, Zhang and his coworkers proposed to utilize the 1,4glycosidic bond energy stored in each anhydroglucose unit of polysaccharides (e.g.,
starch and cellodextrins) mediated by phosphorylases plus inter-recycled phosphate ions
for producing glucose-6-phopshate without costly ATP [22,23]. For example,
polysaccharides having the chemical formula C6H10O5 can be converted by 13 enzymes
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in one reactor to hydrogen in the following reaction: C6H10O5 (aq) + 7H2O (l)  12H2 (g)
+ 6CO2 (g). As a result, nearly 12 moles of hydrogen was produced from per glucose unit
of polysaccharides [22,23]. The most important potential application of the hydrogen
generated from renewable carbohydrates is transportation, especially in the case of lightduty passenger vehicles, because hydrogen/polymer electrolyte membrane (PEM) fuel
cell systems have much higher energy conversion efficiencies and produce fewer
pollutants than do internal combustion engines [10].

Cell-free biosystems for biomanufacturing (CFB2)
Synthetic biology is an emerging field that applies designs to build novel biological
pathways and systems [24-26]. It is also interpreted as the engineering-driven building of
increasingly complicated biological entities (parts, devices, and systems) from simple and
basic building blocks. Synthetic biology projects can be divided into two classes [27,28].
In vitro synthetic biology is a largely unexplored field compared to in vivo living
biological entity-based synthetic biology [26-29]. Cell-free (in vitro) biosystems is the
implementation of complicated biochemical reactions by the in vitro assembly of a large
number of (purified) enzymes and (biomimetic) coenzymes for the purpose of
biomanufacturing [26,29]. Techniques to utilize the enzymes of the reconstituted pathway
for biofuels production have received attention. As compared to microbial fermentation,
CFB2 has several distinct advantages:

(a) High product yields. CFB2 has very high product yields of close to 100 % of the
theoretical yields [23], while most microbial fermentations have low or modest yields
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because some of the carbohydrates are used as substrates for duplication of cells and
production of side products [4].
(b) Great engineering flexibility. Assembling several enzymes for a new pathway is much
easier than modifying a living system because fermentation has complicated metabolite
control loops for gene regulation, protein transcription, translation, and regulation of
enzyme activities [26].
(c) High product titer. High concentrations of products from fermentation inhibit
microbial fermentation. Low product titers result in additional costs, because it is
expensive to separate the product out from the reaction mixture.
(d) Fast reaction rate. Since there are no cell membranes preventing transport of
substrates and products in CFB2, much higher concentrations of biocatalysts can be
present during reactions because of the absence of other proteins (e.g., cellular proteins)
in CFB2.
(e) Broad reaction conditions. CFB2 is conducted under much broader reaction
conditions. For example, thermophilic enzymes discovered from thermophiles can
tolerate more severe conditions, such as high temperature, broad pH, high concentrations
of organic solvents, or high concentrations of salts [30,31].

Because of these advantages, CFB2 can be applied to numerous potential applications,
such as the production of hydrogen [23,32], alcohols [33], organic acids [34,35], jet fuel
[36], proteins [37], CO2 utilization [38,39], enzymatic fuel cells [40,41], and so on.

Key challenges for the development of CFB2
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For the successful development of CFB2, it is necessary to overcome several obstacles:
high costs associated with enzyme production, instability of enzymes, high costs of
protein purification, high costs of enzyme immobilization, costly labile cofactors,
complicated process operations, and slow reaction rates [26,29].

(a) Enzyme production costs can be reduced by scale up of the reactor. Low-cost bulk
industrial enzymes are available. For example, crude protease was produced by Bacillus
subtilis for ~$5 per kg [42], and low-cost recombinant proteins can be produced in E. coli
by increasing the protein expression levels by optimization of plasmid expression and
inducer concentration [43]. High-cell density fermentations are usually conducted in the
process of manufacturing industrial enzymes. In order to decrease the costs associated
with enzyme production, efforts are needed to increase the expression levels of
recombinant proteins.

(b) It is also very important that enzymes should have high total turn-over number (TTN)
values to be economically advantageous over microbial fermentation for the production
of biocommodities [26,29]. However, most enzymes are not stable enough for long-time
use because of rapid inactivation. To obtain highly stable enzymes, the discovery and
utilization of thermostable enzymes from thermophilic organisms would be beneficial
[26,29,44]. Thermophiles are great resources for the isolation and the discovery of
thermostable enzymes for potential applications in molecular biology and industrial
biocatalysis [26,44,45]. It is relatively easy to obtain thermoenzymes that meet the
critical TTN values of more than 107 - 108 mole of product per mole of enzyme [26,29].
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For example, numerous thermoenzymes have been reported to have TTN values of more
than 107, such as Clostridium thermocellum phosphoglucomutase (PGM) [46],
Thermotoga maritima ribose-5-phosphate isomerase (RpiB) [47], and Thermotoga
martima 6-phosphogluconate dehydrogenase (6PGDH) [43]. Therefore, it is vital to
discover and characterize more thermostable enzymes as Lego-like building blocks for
the successful development of CFB2. Additional thermophilic enzymes having high TTN
values are needed for the development of CFB2.

(c) In enzyme purification, many enzymes are purified though costly chromatographic
techniques. To purify recombinant enzymes at low costs, several non-chromatographic
scalable methods have been developed, such as heat precipitation of thermostable
enzymes [43,47,48], ammonium sulfate precipitation, cellulose binding module-based
protein purification [49], and so on. To decrease protein purification costs, it is necessary
to find the optimal purification conditions of each recombinant enzyme.

(d) Enzyme immobilization has been widely used for prolonging the stability of enzymes
and also separating and recycling the enzymes from substrates and products [50,51].
Immobilized enzymes on insoluble supports have been widely applied in the food
industries, in the synthesis of fine chemicals, and for environmental purposes [52,53].
During the past several decades, numerous enzyme immobilization technologies have
been developed, such as physical adsorption [54,55], covalent bonding [56,57],
encapsulation/entrapment [58,59], and so on. Recently, low-cost enzyme immobilization
technologies have been developed, such as cross-linking enzyme aggregate (CLEA)
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[60,61], and cellulose-binding module-tagged protein immobilization [49,62-65]. Since it
is easy to produce recombinant proteins with a specific affinity tag, one-step protein
purification and immobilization has been developed to avoid more costly protein
purification strategies. Cellulose-binding module (CBM) tags have been applied as
affinity tags for the purification and immobilization of CBM-tagged fusion proteins on
cellulose supports, because of their high affinity to cellulose [49,62-65].

(e) It is important that TTN values of NAD(P) should be higher than 106 for the
economical production of biocommodities [26]. The problem of the high costs associated
with labile cofactors can be solved by the regeneration of immobilized cofactors [66], or
by the use of biomimetic cofactors [67-69]. This research area needs to engineer for
better performance of biomimetic coenzymes.

(f) CFB2 seems to have a more complicated process operation involving protein
production through microbial fermentation, cell lysis, protein purification and/or
immobilization, and cocktailing, as compared to microbial fermentation. However, the
reaction in a properly engineered cell-free enzymatic system can run for a much longer
period of time (e.g., one or two orders of magnitude) than microbial fermentation,
because each enzyme within the enzyme cocktail has been stabilized. It is important to
note that not all thermophilic enzymes from thermophilic microorganisms are stable in
vitro. It was speculated that most intracellular enzymes are stable enough to maintain
their basic metabolic rates. This difference in enzyme stability in vitro and in vivo may be
explained by the fact that most intracellular enzymes are more stable due to
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macromolecular crowding effects [70,71]. It would be interesting to investigate whether
macromolecular effects exist for CFB2 or not. Catalytic cascade processes have
numerous potential benefits: fewer unit operations, reduced reactor volumes, higher
volumetric and space-time yields, shorter cycle times, and reduced waste generation [72].
In order to obtain the desired products at high-yields, the over-addition or overexpression of the enzymes responsible for converting easily-degraded metabolites are
important for preventing unnecessary metabolite loss for in vitro and in vivo synthetic
pathway designs.

(g) In CFB2, the slow reaction rates can be increased through high reaction temperatures
by the use of thermophilic enzymes, optimization of enzyme components by kinetic
modeling, high enzyme or substrate loading, metabolic flux analysis, and metabolic
control analysis [26]. Specifically, the discovery and characterization of thermophilic
enzymes are conducted to increase reaction temperatures [43,46,73]. The use of high
temperatures in industrial enzyme processes may also be useful in mixing, causing a
decrease in the viscosity of liquids which may allow for higher concentrations of low
solubility materials. The mass transfer rate is also increased at higher temperatures.
Optimization of enzyme components can also increase the reaction rates by alleviating
rate-limited reactions. By applying metabolic control analysis, the model suggests that at
least a 5-fold increase in the reaction rate can be achieved by increasing the key enzyme
loading [22]. Increasing overall enzyme concentrations can increase the reaction rates.
Since CFB2 does not contain other macromolecules (such as protein, RNA, DNA,
membrane), it is feasible to increase reaction rates by adding more enzymes. The spatial
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organization of cascade enzymes could greatly improve reaction rates. This phenomenon
is called substrate channeling, a process of transferring the product catalyzed by one
enzyme as the substrate to the adjacent cascade enzyme or even the adjacent cell, without
fully equilibrating the bulk phase [71]. When the overall enzyme concentration is high,
macromolecular crowding effects could lead to metabolite channeling between the
cascade enzymes, which could be attributed to another reaction rate enhancement [74].
For example, the optimized distance between the two enzymes controlled by DNA
scaffolds results in an over 20-fold improvement in the reaction rate compared to the free
enzymes mixture [75]. Enzyme complexes on specific DNA origami tiles with the
interenzyme spacing and position controlled showed enhanced activity which was more
than 15 times higher than the free enzyme mixture [76]. In addition to facilitating
reaction rates, synthetic enzyme complexes may decrease purification costs by using biospecific affinity interaction between the cohesins of scaffoldins and the dockerins of
enzymes, and avoid the degradation of labile metabolites [71].

This dissertation consisted of five projects including development of building blocks,
immobilization of enzymes, stabilization of cascade enzymes, and generation of
hydrogen for the development of a cell-free biosystem for low-cost hydrogen
production from sucrose. The dissertation is based on the work presented in the
following chapters.

Chapter 2. Novel developments pertaining to thermostable enzymes are in high demand,
so as to prolong the lifetime of enzymes utilized in reactions, and to increase reaction
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rates at elevated temperatures [10,46,77]. Fructose-1,6-bisphosphatase (FBP, EC 3.1.3.11)
from the hyperthemophilic bacterium Thermotoga maritima was over-expressed, purified,
and characterized. FBP, a key enzyme in gluconeogenesis, catalyzes the hydrolysis of
fructose-1,6-bisphosphate (F16P) to fructose-6-phosphate (F6P) and inorganic phosphate
(Pi) [78-81]. FBP plays an important role in regenerating the glucose-6-phosphate in the
pentose phosphate pathway for hydrogenesis mediated by CFB2. The FBP from T.
maritima was purified through affinity adsorption on a cellulosic adsorbent, followed by
intein cleavage. The degradation kinetics of labile metabolites was also studied to
understand how to re-construct cell-free synthetic enzymatic pathways at high
temperatures. Although intensive efforts have been made to study the stability
mechanisms of thermoenzymes at elevated temperatures, little attention has been paid
pertaining to the stability of metabolites in hyperthermophiles. Thermostable FBP and
understanding the stability of metabolites will play an important role in producing lowcost hydrogen from renewable sugars mediated by CFB2.

Chapter 3. The development of simple, low cost purification/immobilization methods is
important to help avoid costly protein purification and immobilization strategies.
Phosphoglucose isomerase (PGI, EC 5.3.1.9) from the thermophilic bacterium
Clostridium thermocellum was cloned, expressed, and characterized. The recombinant
proteins and added cellulose-binding module (CBM) were over-expressed in E. coli. PGI,
a key enzyme in the glycolysis and glycogenesis pathways, can reversibly convert
glucose-6-phosphate (G6P) and fructose-6-phosphate (F6P) [82]. For hydrogenesis
mediated by CFB2, PGI is responsible for regenerating G6P from F6P. To prolong the
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life-time of the PGI and decrease enzyme purification and immobilization costs, a onestep purification and immobilization technique was developed.

Chapter 4. It is essential to produce (purified) enzymes at low costs and stabilize them for
extended periods of time, so as to decrease biocatalyst costs. We studied the stability of
the four recombinant enzyme mixtures, each of which originated from thermophilic
microorganisms: triose phosphate isomerase (TIM) from Thermus thermophiles, fructose
bisphosphate aldolase (ALD) from Thermotoga maritima, fructose bisphosphatase (FBP)
from Thermotoga maritima, and phosphoglucose isomerase (PGI) from Clostridum
thermocellum. The effect of macromolecular crowding on the in vitro four-enzyme
mixture was investigated. These four enzymes (TIM, ALD, FBP, and PGI) can be
regarded as a biocatalytic module in the gluconeogenesis and pentose phosphate
pathways, which is very important for high-yield hydrogen production from sugars
[23,32,83]. A simple low-cost purification method for thermophilic enzymes (i.e., TIM
and ALD) was studied by a combination of heat treatment and ammonium sulfate
precipitation. The free PGI was not stable enough for heat treatment, however its stability
was greatly enhanced in the presence of other enzymes, possibly due to in vitro
macromolecule crowding effects. This synergic stability effect induced by a number of
enzymes could be very useful in CFB2.

Chapter 5. It is impossible that all enzymes in a cell-free biosystem have the same
lifetime, because their turn-over numbers usually vary in several orders of magnitude. It
would be too costly to get rid of all enzymes when only a fraction of them with a short
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lifetime are deactivated. Therefore, it is economically vital to selectively remove
deactivated enzymes or re-use active enzymes from other enzymes. Easy-recyclable
cellulose containing magnetic nanoparticles (MNPs) were studied for immobilization of
cellulose binding module (CBM)-tagged enzymes/proteins, and the self-assembled
synthetic matabolons consisted of three enzyme complexes through biospecific
interactions. The enzyme complexes can be assembled in vitro through a synthetic trifunctional scaffoldin composed of CBM-connected with three different types of
cohensins: dockerin-containing Thermus thermophilus triose phosphate isomerase (TIM),
dockerin-containing Thermotoga maritima fructose bisphosphate aldolase (ALD), and
dockerin-containing Thermotoga maritima fructose bisphophatase (FBP). Avicel
containing MNPs (A-MNPs), dextran containing MNPs (D-MNPs), and MNPs only were
prepared to compare their properties. Also, substrate channeling among the spatial
organization of the synthetic enzyme complex on the surface of A-MNPs was
investigated.

Chapter 6. The conversion of low-cost sucrose to hydrogen was validated by a cell-free
biosystem consisting of a non-natural synthetic pathway containing fifteen enzymes.
Sucrose, composed of a monosaccharide glucose unit and fructose unit linked via a
glycosidic bond, is the most abundant disaccharide in the environment. For the cell-free
enzymatic pathway for hydrogen production, thirteen thermophilic enzymes were used
for long time use. The yield and maximum rate of hydrogen produced from sucrose were
analyzed at 37 oC in a bath reaction system. The maximum rate of hydrogen produced
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was also studied according to the substrate concentrations for the high rate of hydrogen in
a fed-bath reaction.
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a b s t r a c t
Fructose-1,6-bisphosphatase gene from a hyperthermophilic bacterium Thermotoga maritima was cloned,
and the recombinant protein was produced in E. coli, puriﬁed, and characterized. The fructose-1,6bisphosphatase (FBPase) with a molecular mass of ca. 28 kDa was puriﬁed from the fusion protein
cellulose-binding module (CBM)-intein-FBPase by afﬁnity adsorption on regenerated amorphous cellulose followed by intein self-cleavage. The substrate fructose 1,6-bisphosphate was not stable at high
temperatures, especially at high pHs. The degradation constants of fructose 1,6-bisphosphate, glucose6-phosphate, and fructose-6-phosphate were determined at different temperatures (37, 60, and 80 ◦ C)
and pH 7.5 or 9.0. The kcat and Km values of FBPase were 8.57 s−1 and 0.04 mM at 60 ◦ C, as well as 58.7 s−1
and 0.12 mM at 80 ◦ C. This enzyme was very stable at its suboptimal temperatures, with half-life times of
ca. 1330 and 55.6 h at 60 and 80 ◦ C, respectively. At 60 ◦ C, this enzyme had an estimated total turn-over
number of 20,500,000 (mol product/mol enzyme) and weight-based total turn-over umber of 192,000
(kg product/kg enzyme), respectively. These results indicated that this enzyme would be a stable building block for cell-free synthetic pathway biotransformation (SyPaB) that can implement complicated
biochemical reactions. In order to obtain high-yield desired products, we suggest that over-addition
or over-expression of the enzymes responsible for converting easily degraded metabolites should be
important to prevent unnecessary metabolite loss for in vitro or in vivo synthetic pathway design.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Fructose-1,6-bisphosphatase (EC 3.1.3.11, FBPase), a key
enzyme of gluconeogenesis, catalyzes the hydrolysis of fructose1,6-bisphosphate (F16P) to fructose-6-phosphate (F6P) and
inorganic phosphate (Pi ) [1–4]. By contrast, phosphofructokinase (EC 2.7.1.11) is responsible for catalyzing the reverse
reaction—phosphorylation of F6P to F16P at a cost of ATP in the
glycolysis pathway. Both unidirectional enzymes work closely to
regulate sugar metabolisms. Recently, cell-free synthetic enzymatic pathway transformations (SyPaB) have been designed and
demonstrated to produce nearly 12 moles of hydrogen from per
mole of glucose equivalent of polysaccharides and water [5,6].
In these pathways, FBPase has an important role in regenerating
glucose-6-phosphate in the pentose phosphate pathway. In order
to prolong lifetime of enzymes and increase reaction rates at ele-

∗ Corresponding author at: Department of Biological Systems Engineering, Virginia Polytechnic Institute and State University, 210-A Seitz Hall, Blacksburg, VA
24061, USA. Tel.: +1 540 231 7414; fax: +1 540 231 7414.
E-mail address: ypzhang@vt.edu (Y.-H.P. Zhang).

vated temperatures, the developments in thermostable enzymes
as building blocks are in high demands [7–9].
Hyperthermophiles and thermophiles are great resources for
isolation and discovery of thermostable enzymes for potential applications in molecular biology and industrial biocatalysis
[8,10,11]. Thermotoga maritima is a rod-shaped bacterium, originally isolated from geothermal heated marine sediments. This
thermophilic organism has an optimum growth temperature of
∼80 ◦ C and can utilize many simple and complex carbohydrates,
including glucose, sucrose, starch, and xylan [12]. T. maritima
is regarded as an invaluable source of intrinsically thermostable
enzymes [12–14]. In 1999, most open reading frames (ORF) in
the T. maritima genome were annotated but FBPase was not identiﬁed [15]. TM1415 encoding inositol monophosphate (IMPase,
EC 3.1.3.25) for myo-inositol biosynthesis has been characterized
[16]. Later, Stec et al. found out that several thermophilic inositol monophosphatases (IMP) have FBPase activities, including T.
maritima IMPase [17]. But the kinetics parameters of the T. maritima FBPase are not available. Thermostable FBPase would play an
important role in producing low-cost hydrogen from renewable
sugars mediated by cell-free synthetic pathway biotransformation [5–7]. Great opportunities are driving us to discover, produce,

1359-5113/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
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and characterize thermophilic enzymes in the synthetic pathways
[9,18].
Little attention has been paid pertaining to stability of metabolites in hyperthermophiles, although intensive efforts have been
made to study the stability mechanisms of thermoenzymes at
elevated temperature [11,19–22]. Studies of degradation kinetics of labile metabolites would be important to understand
how hyperthermophiles prevent degradation of labile metabolites
and minimize degradation of metabolites in vivo [7,23], and to
re-construct cell-free synthetic enzymatic pathways at high temperatures [7,8].
In this study, the FBPase gene from T. maritima was cloned and
over-expressed in E. coli and the recombinant protein was puriﬁed through afﬁnity adsorption on a cellulosic adsorbent, followed
by intein cleavage. It was found that the substrate fructose 1,6bisphosphate degraded quickly at high temperatures, especially at
high pH. Basic biochemical properties of the puriﬁed FBPase were
characterized. Our results suggested that some basic properties of
the published thermophilic FBPase may be re-checked.
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of the enzyme solution was mixed with 100 L of the molybdate reagent, followed by 25 L of the 10% ascorbic acid. After the reaction at 30 ◦ C for 20 min,
the absorbance was read at 850 nm. The temperature effects on FBPase activities
(1.8 mg/mL) were studied at pH 7.5 and 9.5 for 10 min. The kinetics of the puriﬁed protein was determined in 50 mM HEPES (pH 7.5) containing 10 mM MgCl2
and different F16P concentrations at different temperatures. The effects of the
substrate degradation were subtracted from product formation for the kinetics
calculation.
Determination of half-life time of FBPase. Thermostability of the puriﬁed FBPase
(0.225 mg/mL) was studied in 100 mM of HEPES buffer (pH 7.5) containing 150 mM
of NaCl and 10 mM of MgCl2 at 60 and 80 ◦ C, respectively. The residual FBPase activity
was measured as described above.
2.5. Degradation of hexose phosphate
Ten mM of the substrate (F16P, glucose-6-phosphate (G6P), or F6P) was used in
presence of 10 mM Mg2+ in 50 mM HEPES buffer (pH 7.5) or sodium carbonate buffer
(pH 9.5) at 37, 60, and 80 ◦ C. The degradation product phosphate was measured by
the mild pH phosphate assay method as described above.

3. Results
3.1. Expression and puriﬁcation

2. Materials and methods
2.1. Chemicals and strains
All chemicals were regent grade, purchased from Sigma–Aldrich (St. Louis,
MO) and Fisher Scientiﬁc (Pittsburgh, PA), unless otherwise noted. Avicel PH105,
microcrystalline cellulose, was purchased from FMC (Philadelphia, PA). Regenerated amorphous cellulose (RAC) with a high adsorption capacity was made from
Avicel through cellulose slurrying in water, cellulose dissolution in concentrated
phosphoric acid, and cellulose regeneration in water [24]. The T. maritima genomic
DNA was purchased from the American Type Culture Collection (Manassas, VA). E.
coli BL21 Star (DE3) (Invitrogen, Carlsbad, CA, USA) containing a protein expression plasmid was used for producing the recombinant protein. The Luria-Bertani
(LB) medium was used for E. coli cell growth and recombinant protein expression.
Ampicillin (100 g/mL) was added in the E. coli media. The oligonucleotides were
synthesized by Integrated DNA Technologies (Coraville, IA).
2.2. Protein expression plasmid construction
The pCIF plasmid encoding the CBM-intein-FBPase (CIF) fusion protein was prepared based on the pCIG plasmid which consists of CBM-intein-GFP fusion protein
[25]. The DNA fragment containing the ORF TM1415 was ampliﬁed by PCR with a
pair of primers 5 -AGG ACT CCT CGA GAT GGA CAG ACT GGA CTT TTC-3 (XhoI site
underlined) and 5 -GTT GCA CCT GCA GTC ACT TTC CTC CTA TTT CTT CTA CC-3 (PstI
site underlined). After XhoI and PstI digestion of the PCR product and plasmid pCIG,
the ligated product was transformed to E. coli JM109, yielding plasmid pCIF. The DNA
sequence of pCIF was validated by sequencing by Virginia Bioinformatics Institute
(Blacksburg, VA).

The fusion protein CBM-intein-FBPase was over-expressed in E.
coli BL21(DE3)/pCIF under different experimental conditions, such
as protein expression temperature of 18 vs 37 ◦ C, IPTG concentration of 0.01, 0.02, 0.1 or 1 mM, and different induction time.
It was found that the inclusion body formation was drastically
reduced at 18 ◦ C as compared to 37 ◦ C (data not shown). Increasing
IPTG concentration did not signiﬁcantly improve the expression of
soluble CIF (data not shown). Fig. 1 shows SDS-PAGE analysis of
the recombinant protein expression at 18 ◦ C with 0.01 mM IPTG,
as well as of protein puriﬁcation. The cell lysate containing the
fusion protein CBM-intein-FPBase was mixed with an ultra-high
adsorption capacity regenerated amorphous cellulose. After centrifugation, washing, and intein self-cleavage at a high salt buffer
(pH 6.5), the cleaved FBPase in the aqueous phase appeared homogeneous (Fig. 1, lane P). Approximately 30 mg of the puriﬁed FBPase

2.3. Recombinant protein production and puriﬁcation
Two hundred milliliters of the LB culture in 1-L Erlenmeyer ﬂasks were incubated at 18 or 37 ◦ C with a rotary shaking rate of 250 rpm. The recombinant protein
expression was induced by adding IPTG (0.01 mM, ﬁnal concentration) when the
absorbance (A600 ) reached ca. 0.6. The culture was incubated at 37 ◦ C for 4 h or 18 ◦ C
for 23 h. The cells were harvested by centrifugation at 4 ◦ C, washed once with 50 mM
of Tris–HCl buffer (pH 7.5), and re-suspended with a 10 mL of 30 mM Tris–HCl buffer
(pH 8.5) containing 0.5 M of NaCl and 1 mM of EDTA. The cell pellets were lysed by
ultra-sonication by Fisher Scientiﬁc Sonic Dismembrator Model 500 (5-s pulse on
and off, total 180 s, at 20% amplitude). After centrifugation, the supernatant of cell
lysate containing the fusion protein CBM-intein-FBPase was puriﬁed through afﬁnity adsorption on a large surface area RAC [26], followed by intein cleavage [25]. Two
mL of RAC (4 mg/mL) was mixed with the 15 mL of cell lysate at room temperature
for 10 min. After adsorption, the mixture was centrifuged by 6000 rpm at 4 ◦ C for
5 min. The pellet was suspended with 20 mL of 50 mM of Tris–HCl buffer (pH 8.5) to
remove other proteins. After centrifugation, the pellets were washed with 20 mL of
50 mM HEPES buffer (pH 6.5) containing 0.5 M NaCl. After centrifugation, the RAC
slurry was suspended with 5 mL of 50 mM HEPES buffer (pH 6.5) containing 0.5 M
NaCl at 40 ◦ C for 9 h. After centrifugation, the cleaved FBPase was obtained in the
supernatant.
2.4. FBPase assays
The enzyme activity was measured in 50 mM HEPES buffer containing 10 mM
MgCl2 and 20 mM F16P at 60 ◦ C. The hydrolytic product inorganic phosphate
(Pi ) was measured by using the Sahiki method assayed at mild pH [27]. Ten L

27

Fig. 1. 5% SDS-PAGE analysis of the FPBase puriﬁcation. M, protein markers; T, total
fraction of cell lysate; I, insoluble protein fraction; S, soluble fraction of the cell
lysate; and P, the puriﬁed FBPase in the supernatant after its self-cleavage. The
molecular weights of the CBM-intein-FBPase and cleaved FBPase are 65 and 28 kDa,
respectively. ∼5 g of the protein was loaded per well and the protein in the gel was
stained by the Bio-safe Coomassie blue. The insoluble cell pellets were re-suspended
in a 10 mL of 30 mM Tris–HCl buffer (pH 8.5) containing 0.5 M of NaCl and 1 mM of
EDTA, and denatured by boiling with the SDS-PAGE buffer.
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Table 1
The FBPase puriﬁcation from 200 mL of the E. coli cell culture.
Fraction

Vol. (mL)

Protein (mg/mL)

Sp. Act. (U/mg)

Activity (U/mL)

Total act. (U)

Recovery (%)

Purif. fold

Cell lysate
Puriﬁed protein

11
5

6.82
1.27

2.16
12.13

14.73
15.41

162.0
77.1

100
47.6

1
5.62

Sp. Act., speciﬁc activity.

were obtained per liter of the culture (Table 1). The FBPase recovery
and puriﬁcation fold were 47.6% and 5.62, respectively.

F6P and G6P were more stable than F16P under the tested conditions.

3.2. Degradation of hexose phosphates

3.3. FBPase properties

It was found that a signiﬁcant amount of inorganic phosphate
was spontaneously generated from F16P in the absence of FBPase,
especially at high temperatures and high pH. In order to eliminate
the inﬂuence of the substrate degradation on FBPase activity assays,
the kinetics of F16P degradation was measured. Fig. 2 presented
the ﬁrst-order degradation kinetics of F16P at 37, 60 and 80 ◦ C
at pH 7.5 (A) and pH 9.0 (B). At pH 7.5, the degradation constant
increased greatly from −0.00038 to −0.0476 h−1 by 125 fold when
temperature increased from 37 to 80 ◦ C. The similar trend occurred
with the cases of pH 9.0. Fructose 1,6-biphophate degraded faster
at pH 9.0 than at pH 7.5. Table 2 presents the degradation constants of two other hexose phosphates (G6P and F6P). Obviously,

Generally, a divalent metal ion, such as Mg2+ and Mn2+ , is
required for activities of thermophilic FBPase [1,2] and IMPase
[16,28]. Ten mM Mg2+ was added for all FBPase activity assays.
Fig. 3 shows the pH proﬁle of FBPase activity at 60 ◦ C. FBPase had the
maximum activities at pH 9.0–9.5, and was relatively active at pH
7.5–8.0. When pHs were higher than 9.5, large differences between
the speciﬁc activities of FBPase and total phosphate release were
observed due to F16P degradation at high pHs.
Fig. 4 shows the temperature effects on FBPase activities at
pH 7.5 and 9.5. When temperature increased, free phosphate ions
increased rapidly due to F16P degradation, especially at pH 9.5. At
pH 7.5, FBPase showed the maximum speciﬁc activity of 26.6 U/mg
at 90 ◦ C. FPBase had higher speciﬁc activities at pH 9.5 than at
pH 7.0. FBPase had a highest speciﬁc activity of 29.8 U/mg at pH
9.5, although it appeared not to be stable at a high pH and high
temperature.
Table 3 presents the kinetic constants of the FBPase at different
temperatures (37, 60, 80, and 95 ◦ C) at pH 7.5. The FBPase exhibited
increased kcat values from 1.35 to 62.9.1 s−1 when the temperatures increased from 37 to 95 ◦ C. At 95 ◦ C, the speciﬁc activity of
this FBPase was 62.9 s−1 , only ca. one quarter of the value that was
previously published [17]. This large difference could be attributed
to whether the inﬂuence of the labile substrate degradation was
included. This enzyme’s activity at 37 ◦ C was only 2.2% of its maximum activity at 95 ◦ C.
3.4. Thermostability
The FBPase is highly thermostable in 100 mM of HEPES buffer
(pH 7.5) containing 150 mM NaCl and 10 mM MgCl2 (Fig. 5). The

Fig. 2. Degradation kinetics of fructose 1,6-bisphosphate at pH 7.5 (a) and pH 9.0
(b). kd , ﬁrst-order degradation constant of F16P = ln(C/C0 )/time.

Fig. 3. Effect of pH on the FBPase activity. The speciﬁc activity of FBPase was measured by 20 mM F16P in the presence of 10 mM MgCl2 at 60 ◦ C for 10 min. The
buffers were citric buffer (pH 4–6), Tris–HCl buffer (pH 6–7), HEPES buffer (pH 7–8),
TAPS buffer (pH 8–9), and sodium carbonate buffer (pH 9–11). Error bar means the
standard deviation of the duplicate measurements.
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Table 2
Substrate degradation constants at different pHs and temperatures.
Substrate
Fructose 1,6-bisphosphate
(F16P)

Temp. (◦ C)

pH
pH 9.5

pH 7.5

Fructose 6-phosphate
(F6P)

pH 9.5

pH 7.5

Glucose 6-phosphate
(G6P)

pH 9.5

pH 7.5

kd (h−1 )

R2

80
60
37
80
60
37

−2

−8.48 × 10
−1.25 × 10−2
−4.86 × 10−4
−4.76 × 10−2
−6.56 × 10−3
−3.80 × 10−4

0.990
0.998
0.995
0.993
0.999
0.989

80
60
37
80
60
37

−2.52 × 10−2
−7.10 × 10−3
−4.30 × 10−4
−1.43 × 10−2
−1.35 × 10−3
−2.09 × 10−4

0.984
0.998
0.988
0.999
0.997
0.916

80
60
37
80
60
37

−3.89 × 10−3
−8.29 × 10−4
ND
−2.20 × 10−3
−2.99 × 10−4
ND

0.989
0.727
–
0.999
0.966
–

kd , ﬁrst-order degradation constant; R2 , regression-squared value; and ND, not determined.

degradation constants were −0.00052 and −0.0125 h−1 , at 60 and
80 ◦ C, respectively. That is, it had half lifetimes of 1330 and 55.5 h
at 60 and 80 ◦ C. Although FBPase at 60 ◦ C was not as active as that
at 80 ◦ C, it had much longer lifetime. In potential practical operations at its half maximum velocity, total turn-over number and
weight-based total turn-over number of FBPase were estimated
be 8.57 s−1 /2 × 3600 s/h × 1330 h = 20,500,000 mol product per mol

Fig. 5. Thermal stability of the FBPase at 60 (䊉) and 80 ◦ C (). kd , degradation
constant of FBPase; and T1/2 , a half lifetime of FBPase.

enzyme and 19,600,000 × 262/28,000 = 192,000 kg product per kg
enzyme, respectively.
4. Discussion
Thermostable enzymes from thermophilic microorganisms are
playing important roles in molecular biology and industrial applications [8,10]. The production of recombinant proteins from
thermophilic organisms in mesophilic hosts (e.g. Escherichia coli)
Table 3
The kinetic characteristics of FBPase at different temperatures (pH 7.5).
Temp. (◦ C)
a

95
80b
60c
37d

Fig. 4. The temperature proﬁle of the FBPase at pH 7.5 (A) and pH 9.5 (B). Error bar
means the standard deviation of the duplicated experiments.

29

Km (mM)
0.07
0.12
0.038
0.29

±
±
±
±

0.004
0.01
0.0015
0.02

kcat (s−1 )
62.9
58.7
8.5
1.36

±
±
±
±

0.7
3.3
1.1
0.21

Km , Michaelis–Menten constant; kcat , reaction rate constant.
a
Enzyme concentration = 0.113 mg/L, time = 5 min.
b
Enzyme concentration = 0.225 mg/L, time = 5 min.
c
Enzyme concentration = 0.90 mg/L, time = 5 min.
d
Enzyme concentration = 4.5 mg/L, time = 10 min.

kcat /Km (s−1 mM−1 )
899
489
226
4.7
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Table 4
Kinetic characteristics of the FBPases from different organisms.
Organism

Temp. (◦ C)

pH

Km (mM)

Thermotoga maritima

95
95
60

8.0
7.5
7.5

–
0.07
0.04

Pyrococcus furiosus

85
50

8.0
8.0

0.32
0.31

kcat (s−1 )
268
62.9
8.5
5.7
0.35
17

kcat /Km (s−1 mM−1 )

Reference

–
899
213

[17]
This study
This study

17.7
1.12

[1]
[1]

Thermococcus kodakaraensis

95

8.0

0.1

170

[2]

Corynebacterium glutamicum

30

7.5

0.014

3.2

236

[3]

Escherichia coli

30

7.8

0.015

14.6

973

[4]

Fig. 6. Scheme of enzymatic pathway containing enzyme-limited reactions and substrate-limited reactions. S, an initial substrate; P, a ﬁnal product; E1–E6, enzymes; A–E,
each metabolites.

can take the advantage of easy fermentation, over-expression and
simpliﬁed puriﬁcation [18]. The economic analysis suggests that
cell-free SyPaB requires each enzyme building block with a weightbased total turn-over number of more than 20,000 so that it might
be cost-competitive with microbial fermentation [8]. The hyperthermostable FBPase from T. maritima showed long half-life times
of 1330 and 55.5 h under its suboptimal conditions of 60 and 80 ◦ C,
respectively. At 60 ◦ C, one kg of FBPase is estimated to produce
∼195,000 kg product before it loses its half activity, suggesting
that this enzyme is stable enough for the production of lowvalue biofuels (such as, hydrogen and alcohols) through cell-free
SyPaB [8]. As shown in Table 4, the T. maritima FBPase was among
the active enzymes. As compared to other thermostable enzymes
[1,2], the T. maritima FBPase was the most active, suggesting its
great potential for the applications at high reaction temperatures
[7].
The control steps of metabolic ﬂux are distributed among
several enzymes in most pathways (Fig. 6). For example, E2
and E5 are responsible for enzyme-limited reactions, resulting
in accumulation of metabolites A and D, respectively. Based on
traditional metabolic engineering principles, increasing enzyme
E2&E5 concentrations through over-expression would increase
the overall metabolic ﬂux. Here we suggested the supplementary rule for enhancing high-product yields that improvement of
the enzymes capabilities or performances responsible for converting a labile metabolite C should be important to increase the
yield of desired products when the unstable metabolite C can be
degraded to a by-product C . In nature, it was speculated that
living biological entities could over-express certain enzymes to
catalyze labile metabolites and avoid metabolite loss. For example, since dihydroxyacetone phosphate (DHAP) is famous for its
rapid degradation, the respective enzyme triphosphate isomerase
(TIM) has evolved to a kinetically perfect enzyme. A combination of high-catalytic efﬁciency TIM, its over-expression or its high
local concentrations (micro-compartmentation effect) results in
a very low level of DHAP intracellularly, i.e., fast turn-over rates
[29]. This theory may be applied to explain why hyperthermophilic
microorganisms need stabilize heat-sensitive metabolites, such as

F16P. It has been suggested that labile NADPH [30,31] must be
recycled efﬁciently for an extreme thermoacidophile Picrophilus
torridus due to its short halftime of 1.7 min at pH 4.5 and 65 ◦ C
[32].
For cell-free SyPaB that can produce biocommodities with theoretically high yields [8,33], we suggested another supplementary
design principle that the enzymes that are responsible for converting labile metabolites to more stable metabolites should be
over-loaded although these enzymes are not responsible for the
enzyme-limited reactions (Fig. 6). In addition to over-addition of
these enzymes, the construction of cascade enzyme complex that
allows metabolite channeling that one product of this ﬁrst enzyme
is transferred to the second enzyme without complete equilibrium with the bulk phase may be another efﬁcient solution. In
nature, metabolite channeling may be another important mechanism for preventing degradation of labile metabolites, such as
tryptophan synthetase [34], carbomoyl-phosphate synthase [35],
fatty acid synthase [36], and so on.
In a word, another thermostable building block for cellfree SyPaB projects—T. maritima fructose 1,6-bisphosphatase was
obtained. Along with the previously obtained stable enzyme T.
maritima 6-phosphogluconate dehydrogenase [18] and Clostridium
thermocellum phosphoglucomutase [9], it suggested that discovery of thermostable building blocks from (hyper)thermophiles are
very operative. Also, we suggest that the degradation of labile
metabolites in synthetic pathways can be addressed either by overaddition of the respective enzymes or construction of the enzyme
complex.
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One-step enzyme puriﬁcation and immobilization were developed based on simple adsorption of a family 3 cellulose-binding module (CBM)-tagged protein on the external surface of
high-capacity regenerated amorphous cellulose (RAC). An open reading frame (ORF) Cthe0217
encoding a putative phosphoglucose isomerase (PGI, EC 5.3.1.9) from a thermophilic bacterium Clostridium thermocellum was cloned and the recombinant proteins with or without
CBM were over-expressed in Escherichia coli. The rate constant (kcat) and Michaelis–
Menten constant (Km) of CBM-free PGI at 60 C were 2,765 s1 and 2.89 mM, respectively.
PGI was stable at a high protein concentration of 0.1 g/L but deactivated rapidly at low
concentrations. Immobilized CBM (iCBM)-PGI on RAC was extremely stable at 60 C,
nearly independent of its mass concentration in bulk solution, because its local concentration on the solid support was constant. iCBM-PGI at a low concentration of 0.001 g/L had
a half-life time of 190 h, approximately 80-fold of that of free PGI. Total turn-over number
of iCBM-PGI was as high as 1.1  109 mole of product per mole of enzyme at 60 C. These
results suggest that a combination of low-cost enzyme immobilization and thermoenzyme led
to an ultra-stable enzyme building block suitable for cell-free synthetic pathway biotransforC 2011 American
mation that can implement complicated biochemical reactions in vitro. V
Institute of Chemical Engineers Biotechnol. Prog., 27: 969–975, 2011
Keywords: cell-free synthetic biology, cellulose-binding module, enzyme immobilization,
phosphoglucose isomerase, protein puriﬁcation, synthetic pathway biotransformation,
thermoenzyme

attention.2–5 As enzymes cannot duplicate themselves, stabilization of enzymes is vital for economically viable industrial
bioprocesses. Enzyme immobilization prolongs life-time of
the enzyme and facilitates enzyme/product separation.6,7
Synthetic pathway biotransformation (SyPaB) is the implementation of complicated biochemical reactions by employing
the in vitro assembly of a large number of enzymes and coenzymes.5,8 For example, nearly 12 moles of dihydrogen have
been produced from per glucose equivalent of polysaccharides
and water by the non-natural synthetic pathways containing
13–14 enzymes,9,10 breaking the Thauer limit for anaerobic
hydrogen-producing microorganisms.11 SyPaB would be economically competitive with microbial fermentation for the
production of biocommodities only when (i) all of the

Introduction
Biocatalysis mediated by enzymes is becoming more and
more acceptable because of high selectivity and speciﬁcity,
modest reaction conditions, low energy consumption, and
environmentally friendly conditions.1 But a single enzyme
cannot catalyze complicated biochemical reactions, such as
complete oxidation of glucose, complete hydrolysis of lignocellulosic biomass, protein synthesis, and so on. Multiple
enzymes in one pot and cell-free biotransformation/biosynthesis mediated by numerous enzymes are gaining more
Correspondence concerning this article should be addressed to Y.-H.
Percival Zhang at ypzhang@vt.edu.
C 2011 American Institute of Chemical Engineers
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ATCC 27405 genomic DNA was purchased from ATCC.28
Escherichia coli BL21 Star (DE3) (Invitrogen, Carlsbad,
CA) containing a protein expression plasmid was used for
producing the recombinant protein. The Luria-Bertani (LB)
medium was used for E. coli cell growth and recombinant
protein expression supplemented with 100 lg/mL ampicillin.
The oligonucleotides were synthesized by Integrated DNA
Technologies (Coraville, IA). The liquid glucose reagent
containing hexokinase/G6P dehydrogenase (G6PDH) was
purchased from Pointe Scientiﬁc (Canton, MI).

enzymes in the SyPaB systems have total turn-over number
(TTN) values of more than 107–108 mole of product per mole
of enzyme and (ii) low-cost bulk enzyme production and puriﬁcation are available.5,8,12 SyPaB has numerous potential
applications, such as the production of hydrogen, alcohols,
and polyols from biomass sugars,8,12 CO2 utilization,13,14
sugar battery.5 Therefore, it is vital to develop low-cost
enzyme puriﬁcation and immobilization technologies so that
stabilized bulk enzymes would be Lego-like building blocks
for SyPaB projects.
Cellulose-binding module (CBM), a key component of
cellulase, is responsible for speciﬁcally binding to cellulose
and increasing reaction rates of enzymatic cellulose hydrolysis.15–17 Several CBMs have been exploited as an afﬁnity tag
for the puriﬁcation and immobilization of heterologous
fusion proteins on cellulosic supports.16,18–22 Among more
than 60 families of carbohydrate-binding modules, a family
3 CBM from the Clostridium thermocellum scaffoldin was
chosen as a tag because it can tightly bind to both crystalline
and amorphous cellulose.19,23 Cellulose is an ideal low-cost
support for enzyme puriﬁcation and immobilization because
it is cheap, inert, stable, biodegradable, and readily available
in different forms. Commercial microcrystalline cellulose
(Avicel, cellulose nanocrystal) has a low binding capacity
and more than 80% of its binding surface is internal.23 In
contrast, regenerated amorphous cellulose (RAC) is made
from microcrystalline cellulose through cellulose dissolution
in a cellulose solvent followed by cellulose regeneration in
water.24 RAC has a much higher binding capacity than cellulose nanocrystal, nano-cellulose ﬁbers (e.g., bacterial microcrystalline cellulose), and cotton ﬁbers.25 In addition, all the
binding capacity of RAC is external. The use of RAC for
enzyme immobilization would bring three potential beneﬁts
as compared to Avicel: less cellulose use, higher volumetric
enzyme concentration, and better substrate/product mass
transfer.
Phosphoglucose isomerase (PGI, EC 5.3.1.9), a key
enzyme in the glycolysis and glycogenesis pathways, can
reversibly convert glucose-6-phosphate (G6P, an aldose
phosphate) to fructose-6-phosphate (F6P, a ketose phosphate).26 For hydrogenesis mediated by SyPaB, PGI is responsible for regenerating G6P from F6P. Utilization of a
rapidly expanding library of thermostable enzymes isolated
from extremophiles is increasingly more important for molecular biology R&D and industrial biocatalysis.5,8,27 In this
study, we cloned, expressed, and characterized the putative
PGI from a thermophilic bacterium C. thermocellum. To prolong the life-time of the C. thermocellum PGI and decrease
enzyme puriﬁcation and immobilization costs, one-step puriﬁcation and immobilization was developed. A combination
of thermoenzyme and simple immobilization led to an ultrastable enzyme that can work at elevated temperatures.

Protein expression plasmid construction
Plasmid CBM-intein-PGI (pCIP) encoding the CBMintein-PGI and plasmid CBM-PGI (pCP) encoding the CBMPGI fusion protein were prepared based on plasmids plasmid
CBM-intein-GFP encoding the CBM-intein-GFP fusion proteinp (pCIG)19 and the plasmid CBM-GFP encoding the
CBM-GFP fusion protein (pCG),25 respectively. The ORF
Cthe0217 encoding a putative PGI was ampliﬁed by polymerase chain reaction (PCR) with a pair of primer 50 - CGG
CCT CGA GAT GGA AAG AAT AAA ATT TGA C -30
(XhoI site underlined) and 50 - CTA GCT GCA GTT ACA
AAC GCT CTT C -30 (PstI site underlined). After XhoI and
PstI digestion of the PCR product and plasmid pCIG and
pCG, the ligated products were transformed to E. coli
JM109, yielding plasmids pCIP and pCP. The DNA sequences of pCIP and pCP were validated by sequencing service
from the Virginia Bioinformatics Institute (Blacksburg, VA).
Recombinant protein expression and puriﬁcation

Materials and Methods
Chemicals and microorganisms
All chemicals were regent grade, purchased from SigmaAldrich (St. Louis, MO) and Fisher Scientiﬁc (Pittsburgh,
PA), unless otherwise noted. Avicel PH105, microcrystalline
cellulose, was purchased from FMC (Philadelphia, PA).
RAC with a high adsorption capacity was made from Avicel
through a series of steps—cellulose slurrying in water, cellulose dissolution in concentrated phosphoric acid, and cellulose regeneration in water.24 The C. thermocellum
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The culture of 200 mL in 1 L Erlenmeyer ﬂasks were incubated with a rotary shaking rate of 250 rpm at 37 C. After the
absorbance (A600) reached approximately 0.6, the recombinant
protein expression was induced by adding isopropyl b-D-1thiogalactopyranoside (IPTG) (0.1 mM, ﬁnal concentration).
The culture was incubated at 18 C for 20 h. The cells were
harvested by centrifugation at 4 C, washed twice by 50 mM of
Tris-HCl buffer (pH 7.5), and resuspended in a 10-mL of
30 mM Tris-HCl buffer (pH 8.5) containing 0.5 M of NaCl
and 1 mM of ethylenediaminetetraacetic acid (EDTA). The
cell pellets were lysed by Fisher Scientiﬁc Sonic Dismembrator Model 500 (5 s pulse on and off, total 360 s, at 20% amplitude) in an ice bath. After centrifugation, the fusion protein
CBM-intein-PGI or CBM-PGI was puriﬁed through afﬁnity
adsorption on RAC, followed by intein cleavage19 or ethylene
glycol (EG) elusion method.25 Two milliliters of 4 g RAC per
liter was mixed with the 15 mL of the cell lysate at room temperature for 10 min. After adsorption, the mixture was centrifuged by 6,000 rpm at 4 C for 5 min. The pellets were
suspended with 20 mL of 50 mM Tris-HCl buffer (pH 8.5) to
remove impure proteins, followed by centrifugation. For puriﬁcation of PGI from CBM-intein-PGI, the pellet was washed
with 20 mL of 50 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH 6.5) containing 0.5 M
NaCl. After centrifugation, the RAC slurry was suspended
with 5 mL of 50 mM HEPES buffer (pH 6.5) containing 0.5 M
NaCl at 40 C for 9 h. After centrifugation, the cleaved CBMfree PGI was obtained in the supernatant. For puriﬁcation of
CBM-PGI, the RAC pellets containing the adsorbed CBM-target protein were suspended in four RAC pellet volumes of
100% EG, i.e., the ﬁnal EG concentration was 80% (v/v).
After 10 min incubation at room temperature followed by
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centrifugation, the puriﬁed CBM-PGI was obtained in the supernatant. EG was removed by dialysis against 50 mM trisHCl buffer (pH 7.5) including 100 mM NaCl in an ice bath.
The diluted puriﬁed protein was reconcentrated by using the
Pall ultra-ﬁltration centrifugal tubes.

7.5) containing 150 mM of NaCl and 10 mM of MgCl2 at
60 C. The residual PGI activity was immediately measured
according to the PGI activity assay as described above.
Other assays
Mass concentration of soluble protein was measured by
the Bio-Rad modiﬁed Bradford protein kit with bovine serum
albumin as a standard protein. A 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
performed in the Tris–glycine buffer as described
elsewhere.13,28

PGI activity assay
Thermophilic PGI activity was measured by using a discontinuous approach because thermophilic G6PDH was not
available. Initial reaction rates of PGI were measured based
on the generation of the product G6P from the substrate F6P
(Eq. 1). G6P was measured by using G6PDH in the presence
of NADþ (Eq. 2). For simplicity, the amount of G6P was
measured by using the Pointe Scientiﬁc glucose assay kit
(Canton, MI) and the absorbance of NADH was measured at
340 nm.

F6P
G6P þ NADþ

PGI

! G6P

Results
One-step puriﬁcation and immobilization
Most recombinant proteins produced in E. coli are usually
puriﬁed based on their puriﬁcation tags and then are immobilized on a solid support, such as silica gel, alginate beads, or
matrix. One-step puriﬁcation, covalent immobilization, and
additional stabilization of a poly-His-tagged-galactosidase by
using heterofunctional chelate-epoxy sepabeads has been
developed.30 As compared to costly synthetic solid supports
and relatively complicated chemical reactions for covalent
immobilization, we proposed one-step puriﬁcation and
immobilization of a family 3 CBM-tagged enzyme on lowcost, biodegradable, high-capacity RAC (Figure 1). After
recombinant protein expression and cell lysis, the CBMtagged target protein can be speciﬁcally adsorbed onto RAC.
After centrifugation followed by washing, other E. coli soluble proteins were removed. Finally, the pellets contained the
immobilized puriﬁed protein on the external surface of RAC.
This immobilization was conducted based on simple adsorption without chemical covalent bonds because later we found
out that the relatively high ionic strength HEPES buffer did
not wash the adsorbed enzyme from the surface of RAC.
CBM-oriented adsorption and immobilization can avoid random enzyme adsorption on the support. Such random
adsorption may greatly decrease the activity of the immobilized enzyme because the active site of the enzyme may be
blocked by the support.
Conversion of commercial Avicel by a cellulose solvent to
RAC can greatly increase binding capacity by at least 20fold, i.e., far more enzymes can be immobilized on the same
weight cellulosic support. The adsorption proﬁles of the
CBM-tagged PGI in the whole cell lysate were examined on
RAC and Avicel. Clearly, their adsorptions obeyed the Langmuir isotherm (Figure 2). The maximum binding capacity on
RAC was as high as 483 mg protein per gram of RAC,
nearly 54 times of that on Avicel (i.e., 8.88 mg per gram of
Avicel). High enzyme immobilization capacity on RAC
meant high volumetric enzyme loading. In addition, the
externally-bound enzyme on the surface of RAC may lower
mass diffusional hindrance.

(1)

G6PDH

! 6  phosphogluconate þ NADH (2)

The PGI activity was measured in a 100-mM HEPES
buffer containing 10 mM Mg2þ, 0.5 mM Mn2þ, and 5 mM
F6P at 60 or 37 C. The prewarmed substrate solution and
the PGI enzyme solution were mixed well and incubated for
5 min at the tested temperature. The reactions were stopped
by boiling for 3 min. The reaction solution of 1.0 mL was
mixed with 1.0 mL of the liquid glucose reagent at 37 C for
3 min. The absorbance was read at 340 nm with a reference
of the blank enzyme solution.
Adsorption and one-step puriﬁcation and immobilization
The crude cell lysate containing CBM-PGI and other
E. coli cellular proteins was mixed with RAC and Avicel at
room temperature for 10 min. After centrifugation at 12,000
rpm for 3 min, the residual PGI activity in the supernatant
was measured as described above. The maximum adsorption
capacity of RAC or Avicel (Amax) was calculated following
the Langmuir isotherm as described elsewhere.23,25 For preparation of immobilized CBM (iCBM)-PGI, the cell lysate
was mixed with RAC at a ratio of 300 mg of CBM-PGI
per gram of RAC added. The pellets were washed twice in
100 mM of HEPES buffer (pH 7.5) followed by centrifugation. The washed pellets were suspended in the HEPES
buffer containing 10 mM Mg2þ and 0.5 mM Mn2þ, being
the iCBM-PGI slurry. The iCBM-PGI activity was measured
as described above and the protein mass concentration was
measured by the ninhydrin assay.29 The leakage of iCBMPGI was investigated following the below protocol. The
iCBM-PGI slurry was suspended in 100 mM HEPES buffer
(pH 7.5) containing 10 mM Mg2þ and 0.5 mM Mn2þ at
60 C, followed by centrifugation at 12,000 rpm for 3 min.
After the supernatant was decanted, the pellets were suspended in the HEPES buffer again. These washing steps
were repeated 50 times. Small amounts of the suspended pellets were withdrawn for the PGI activity assay.

Basic characteristics of PGI enzymes

Thermostability of PGI and iCBM-PGI
The thermostability of the puriﬁed CBM-PGI and iCBMPGI were measured at different concentrations of enzyme
(0.1, 0.01, and 0.001 g/L) in 100 mM of HEPES buffer (pH
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Four different puriﬁed forms of PGI enzymes—free PGI
without CBM tag, free CBM-PGI, and iCBM-PGI on RAC
and iCBM-PGI on Avicel—were obtained in this study.
CBM-free PGI was produced by E. coli BL21(DE3)/pCIP;
CBM-PGI and iCBM-PGI were produced by E. coli
BL21(DE3)/pCP. It was noted that the adsorption of CBMtagged enzyme on cellulosic materials was reversible and a
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Figure 2. The proﬁle of CBM-PGI adsorption on RAC and
Avicel at room temperature. The curves were ﬁtted
by the Langmuir equations.

Figure 1. Scheme of one-step puriﬁcation and immobilization
of a CBM-tagged protein on ultra-large capacity
RAC.

fraction of the adsorbed enzyme can be washed by using EG
or low ionic strength buffers.25 Therefore, free CBM-PGI
was puriﬁed from iCBM-PGI on RAC by EG washing. The
puriﬁed CBM-free PGI appeared to be homogenous (Figure
3, Lane 2). Without EG elution, iCBM-PGI was obtained after RAC adsorption and washing. The CBM-free PGI was
prepared from a fusion protein CBM-intein-PGI (Figure 3,
Lane 3). Through simple adsorption and self-cleavage of
intein,19 the puriﬁed CBM-free PGI in the supernatant
appeared to be a single band (Figure 3, Lane 4). The molecular weights of the CBM-PGI and CBM-free PGI were 67
and 49 kDa, respectively. Approximately 56 mg of the puriﬁed PGI and 70 mg of the puriﬁed CBM-PGI were obtained
per liter of the culture with the puriﬁcation yields of 37.5%
and 18.2 %, respectively. It was estimated that 350 mg of
iCBM-PGI per liter of the culture was obtained through onestep puriﬁcation and adsorption.
PGI and CBM-PGI activities had the same optimum temperature (60 C) at pH 7.5. Each enzyme retained 90% of
its maximum activity at 50 and 70 C. But only 40% of
each enzyme’s optimum activity was exhibited at 30 C. The
inﬂuence of pH on both PGI and CBM-PGI activity was
examined in the following buffers: citric acid (pH 4, 5, and
6), Tris-HCl (pH 6 and 7), HEPES (pH 7 and 8), N-Tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid (TAPS)
(pH 8 and 9), and sodium carbonate (pH 9, 10 and 11) at

Figure 3. SDS-PAGE analysis
puriﬁcations.

of

CBM-PGI

and

PGI

M, marker; lane 1, soluble CBM-PGI; lane 2, puriﬁed CBMPGI; lane 3, soluble CBM-intein-PGI; lane 4, puriﬁed PGI in
the supernatant after its self-cleavage.
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60 C. Both enzymes exhibited the same pH proﬁles. PGI
had the maximum activity at pH 8.0 in the buffers of HEPES
and TAPS. They had approximately 75% and 40% of their
maximum activity at pH 7.0 and pH 9.0, respectively. PGI
in Tris-HCl buffer had 30% lower observed activity than
that in the HEPES buffer at pH 7.0.
The kinetic constants of PGI, CBM-PGI, and iCBM-PGI
were examined at 37 and 60 C (Table 1). The CBM-PGI
showed slightly low rate constant (kcat) values than PGI.
Both exhibited approximately threefold kcat values when the
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Table 1. The Kinetic Parameters of PGI and Immobilized PGI at Different Temperatures (pH 7.5)
Km (mM)
PGI
CBM-PGI
iCBM-PGI
Avicel-CBM-PGI

37 C
60 C
37 C
60 C
37 C
60 C
37 C
60 C

1.90
2.89
1.02
1.86
2.11
2.43
1.53
1.65










0.24
0.42
0.06
0.08
0.14
0.15
0.14
0.02

kcat (s1)
929
2,765
729
2,433
1,091
2,198
946
2,009










25
335
53
79
35
43
27
16

kcat/Km (105 s1 M1)
4.89
9.57
7.15
13.08
5.17
9.06
6.18
12.18

Figure 5. Leakage of the iCBM-PGI washing in a 100-mM of
HEPES buffer (pH 7.5) containing 10 mM Mg21 and
0.5 mM Mn21.

Figure 4. Thermoinactivation proﬁle of different concentration
free PGI (a) and iCBM-PGI (b) in a 100-mM of
HEPES buffer (pH 7.5) containing 150 mM NaCl
and 10 mM MgCl2 at 608C.

temperature increased from 37 to 60 C (Table 1). CBM-PGI
had somewhat lower Michaelis–Menten constant (Km) value
(1.86  0.08 mM) than that of PGI (2.89  0.42 mM) at
60 C. The above results suggested that the fusion of CBMtag on PGI and immobilization on RAC or Avicel did not
change PGI properties greatly.

Prolonged stability of iCBM-PGI
The half-life time of free PGI at 60 C greatly depended
on its mass concentration from 0.1, 0.01, and 0.001 g/L
(Figure 4a). The half-life time of thermoinactivation was
approximately 180 h at 0.1 g/L but decreased to only 2.4 h
at a low concentration (0.001 g/L). A relatively low mass
concentration of PGI from 0.001 to 0.01 g/L lose its activity
so fast that TTN of free PGI was far below the threshold
value of 107–108 mole of product per mole of enzyme. The
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thermostability of CBM-PGI was almost same as puriﬁed
PGI (data not shown), suggesting that CBM tag only did not
enhance the thermostablity of PGI.
iCBM-PGI exhibited drastically prolonged half-life times
of 310 and 190 h at 0.01 and 0.001 g/L when compared with
those of free PGI by 6.3- and 80-fold, respectively (Figure
4b). At a high concentration of 0.1 g/L, iCBM-PGI only
doubled the half-life time to 360 h as compared to free PGI.
The half-life times of iCBM-PGI at different protein concentration were nearly constant because CBM-PGI concentration
on the solid support was nearly constant. The kinetic constants of iCBM-PGI were examined at 37 and 60 C (Table
1). The kcat and Km values of iCBM-PGI on RAC were
2,198  43 s1 and 2.43  0.15 mM, respectively, small
changes as compared to free CBM-PGI and iCBM-PGI on
Avicel. The above results suggested that simple adsorption
of CBM-tagged PGI greatly prolonged the enzyme’s lifetime but retained most of its activity. As the TTN value can
be simply calculated without running a continuous biocatalytic process according to the equation of TTN ¼ kcat/kd,31
iCBM-PGI at 0.001 g/L had a TTN value of 1.1  109 mole
of product per mole of enzyme, where the observed reaction
rate was a half of its maximum reaction rate, i.e., [S] ¼ 1.2
mM. Such high TTN values for iCBM-PGI are among the
most stable enzymes in the literature, far higher than the critical values of 107–108 for SyPaB.8
It is well-known that adsorbed CBM-tagged protein on
RAC may be washed out reversibly, depending on buffer
type and ionic strength. For example, high concentration
glycerol or EG, low ionic strength buffer or water can partially wash the adsorbed CBM-tagged proteins.25 Therefore,
the leaking behavior of iCBM-PGI was investigated under
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its working condition [100 mM HEPES buffer (pH 7.5)
containing 10 mM Mg2þ and 0.5 mM Mn2þ at 60 C]
(Figure 5). It was found that no signiﬁcant PGI activity was
lost after 50 washings, indicating that iCBM-PGI was stable
under this relatively high ionic strength working buffer for a
long time. Therefore, it was not necessary to conduct covalent linking between RAC and CBM-PGI.

enzymes were diluted to very low concentrations in a liquid
solution, their local concentration was not changed so that
they retained their activity and stablity, nearly independent
of its bulk concentration (Figure 4b).
To enhance the overall reaction rate in a complicated biological reaction network, it is often expected that there is no
rate-limiting step controlled by one of several enzymes.38,39
However, the kcat values of several enzymes often differ by
three or four orders of magnitude.9,10 When evenly distribution of the rate-controlling theory for each enzyme was
implemented, it meant that it was necessary for these
enzymes to have the respective roughly three or four orders
of magnitude difference in mass concentration. For highactivity enzymes, it was important to increase their halftime, especially at low enzyme concentration at the same
level as those of low-activity enzymes at high mass concentration. Enzyme immobilization was a good solution to
address such challenge because immobilized enzymes had
nearly a constant life time, independent of its mass concentration in the bulk phase.
In conclusion, one-step simple protein puriﬁcation and
immobilization method was developed by adsorbing CBMtagged proteins by using the low-cost ultra-high capacity adsorbent RAC. As compared to Avicel as a support,16,22 iCBMPGI on RAC decreased the cellulosic support use based on
weight by 54-fold so that high enzyme loadings were possible,
especially important in SyPaB where more than 10 enzymes
were used together. As compared to carrier-free cross-linked
enzyme aggregate,32 iCBM-PGI avoided random cross linking, which may hurt enzyme activity, and may have better
mass transfer because of monolayer adsorption of the enzyme
on the large surface solid support—RAC. Different from the
previous thermoenzymes,28,39,40 thermophilic PGI was not stable enough in a free form for SyPaB but simple immobilization enabled it to be far more stable than what we required.
This simple and low-cost protein puriﬁcation and puriﬁcation
technology would have broad applications in enzymeactivity enzymes, it was important to mediated
biomanufacturing.

Discussion
A simple protein puriﬁcation and immobilization protocol
was developed based on high afﬁnity of CBM-tagged protein
on a large binding capacity cellulosic material—RAC. As
compared to other enzyme immobilization supports, cellulosic materials are very attractive because they are cheap,
biodegradable, and abundant.18–20 The use of RAC rather
than Avicel can increase enzyme binding capacity by 54
fold. As compared to other cellulosic materials (such as bacterial cellulose), RAC also presents higher accessibility and
is much less costly.23,25 The use of RAC for enzyme immobilization would bring more advantages: (i) a reduction in
the mass use of cellulosic support, (ii) the potential for
increasing enzyme loading for high-speed biocatalysis, like
carrier-free CLEA vs. routine carrier-based enzyme immobilization,32 and (iii) a potential reduction in mass diffusion
hindrance because all enzymes are immobilized on the external surface of RAC. Given 300 mg of CBM-PGI adsorbed
by per gram of RAC, 1 kg of enzyme requires 3.3 kg of
RAC for immobilization, resulting in 4.33 kg of iCBM-PGI.
Assuming that the crude recombinant PGI production costs
was $30 per kilogram enzyme and RAC cost was $2 per
kilogram, the production costs of iCBM-PGI can be estimated to be $36.6 per kilogram of CBM-PGI or $8.45 per
kilogram of iCBM-PGI.
Simple enzyme adsorption on the support may have no or
some damage to enzyme activity, depending on the orientation between the active sites of the enzyme and support.6 To
minimize steric hindrance and environmental effects imposed
by the surface properties of the matrices, a proper distance
between the surface of the support and the enzyme is preferred for efﬁcient immobilization of biocatalytic molecules
on solid support materials.33,34 Sometimes, enzyme adsorbed
on an adsorbent was easily leached out from the support
because of weak interaction between enzyme molecule and
surface of supports35 and extra covalent bonding may be
conducted.30 In this study, CBM can orient the enzyme
adsorption on the surface of RAC (Figure 1) so that the
active sites of the enzymes had enough distance from RAC
and iCBM-PGI had comparable activity to free enzyme
(Table 1). It was noted that the high ionic strength working
buffer allowed such simple immobilization to be stable
enough even after 50 washings at 60 C. Therefore, covalent
attachment does not appear to be necessary.
Thermostability of free PGI was strongly associated with
its concentration (Figure 4a), implying that this enzyme is a
multimeric protein. The cloned C. thermocellum PGI has a
similarity of 85% as compared to Bacillus stearothermophilus PGI,36,37 which is a dimeric enzyme. In support of it, the
binding capacity ratio of iCBM-PGI on RAC/Avicel was 54,
approximately two times than the value of a monomeric protein of thioredoxin-green ﬂuorescence protein-CBM.23 After
enzymes were immobilized on the surface of RAC, their stability depended on their local concentration on the solid support rather than their bulk concentration. When immobilized
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Abstract
Cell-free biosystems comprised of synthetic enzymatic pathways would be a promising
biomanufacturing platform due to several advantages, such as high product yield, fast
reaction rate, easy control and access, and so on. However, it was essential to produce
(purified) enzymes at low costs and stabilize them for a long time so to decrease
biocatalyst costs. We studied the stability of the four recombinant enzyme mixtures, all of
which originated from thermophilic microorganisms: triose phosphate isomerase (TIM)
from Thermus thermophiles, fructose bisphosphate aldolase (ALD) from Thermotoga
maritima, fructose bisphosphatase (FBP) from T. maritima, phosphoglucose isomerase
(PGI) from Clostridium thermocellum. It was found that TIM and ALD were very stable
at evaluated temperature so that they were purified by heat precipitation followed by
gradient ammonia sulfate precipitation. In contrast, PGI was not stable enough for heat
treatment. In addition, the stability of a low concentration PGI was enhanced by more
than 25 times in the presence of 20 mg/L bovine serum albumin or the other three
enzymes. At a practical enzyme loading of 1000 U/L for each enzyme, the half-life time
of free PGI was prolong to 433 h in the presence of the other three enzymes, resulting in
a great increase in the total turn-over number of PGI to 6.2 ×109 mole of product per
mole of enzyme. This study clearly suggested that the presence of other proteins had a
strong synergetic effect on the stabilization of the thermolabile enzyme PGI due to in
vitro macromolecular crowding effect. Also, this result could be used to explain why not
all enzymes isolated from thermophilic microorganisms are stable in vitro because of a
lack of the macromolecular crowding environment.
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Introduction
Synthetic biology is the engineering-driven construction of increasingly complicated
biological entities from simple and basic building blocks to modules to systems.
Synthetic biology projects can be divided into two classes: in vivo and in vitro [1,2]. In
vitro synthetic biology is a largely unexplored, compared to living biological entity-based
synthetic biology [2-5]. Cell-free biosystem for biomanufacturing (CFB2) is the
implementation of complicated biochemical reactions by the in vitro assembly of a large
number of (purified) enzymes and (biomimetic) coenzymes for the purpose of
biomanufacturing rather than of fundamental research [2,5]. CFB2 is an emerging
biomanufacturing platform for the production of a variety of products, where CFB2 can
do better than microorganisms and chemical catalysts. CFB2 has numerous potential
applications, such as the production of hydrogen [6,7], of alcohols [8], of organic acids
[9,10], of jet fuel [11], of proteins [12], CO2 utilization [13,14], enzymatic fuel cells
[15,16], and so on.

CFB2 could be economically advantageous over microbial fermentation for the
production of biocommodities only when all enzymes in cell-free biosystems have total
turn-over number (TTN) values of more than 107-108 mole of product per mole of
enzyme and the low-cost bulk enzyme production and purification are available [2,5]. To
obtain high-stability enzymes, the discovery and utilization of thermophilic enzymes
from extremophiles could be a shortcut compared to labor-intensive protein engineering
and enzyme immobilization [2,5,17]. For example, it has been reported that numerous
thermoenzymes have TTN values of more than 107 mole of product per mole of enzyme,
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such as Clostridium thermocellum phosphoglucomutase (PGM) [18], Thermotoga
maritima ribose-5-phosphate isomerase (RpiB) [19], T. martima 6-phosphogluconate
dehydrogenase (6PGDH) [20], and T. martima fructose bisphosphatase (FBP) [21]. To
purify recombinant enzymes at low costs, several non-chromatographic scalable methods
have been developed, such as heat precipitation [19,20,22], ammonium sulfate
precipitation, cellulose binding module-based protein purification [23], elastin-based
protein purification [24], and so on.

Not all thermophilic enzymes from thermophilic microorganisms are stable in vitro. For
example, the purified phosphoglucose isomerase (PGI) from C. thermocellum was
deactivated rapidly at 60 oC when its mass concentrations were low [25]. It was
speculated that most intracellular enzymes are stable enough to maintain their basic
metabolisms. This difference in enzyme stability in vitro and in vivo may be explained by
that most intracellular enzymes are more stable due to macromolecular crowding effects
[26,27]. It was interesting to investigate whether macromolecular effects exist or not for
cell-free biosystems.

To investigate macromolecular crowding effect on the in vitro enzyme mixture, the
stability of the four-enzyme mixture containing Thermus thermophilus triose phosphate
isomerase (TIM), Thermotoga maritima fructose bisphosphate aldolase (ALD), T.
maritima fructose bisphophatase (FBP) and Clostridium thermocellum phosphoglucose
isomerase (PGI) was studied at 60 oC. These four TIM, ALD, FBP, and PGI can be
regarded as a biocatalytic module in the gluconeogenesis and pentose phosphate
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pathways (Figure 1), which was very important for high-yield hydrogen production from
sugars [6,7,28]. In it, TIM converts reversibly glyceraldehyde-3-phosphate (G3P) to
dihydroxyacetone phosphate (DHAP) (Equation 1); ALD catalyzes the reversible aldol
condensation of G3P and DHAP to fructose 1,6-bisphosphate (F16P) (Equation 2); FBP
catalyses the irreversible conversion of F16P to fructose 6-phosphate (F6P) (Equation 3);
and PGI reversibly converts fructose-6-phosphate (F6P) and glucose-6-phosphate (G6P)
(Equation 4).
TIM

G3P ↔ DHAP

[1]

ALD

G3P + DHAP ↔ F1,6 P

[2]

FBP

F16 P + H 2O → F 6 P + Pi

[3]

PGI

F 6P ↔ G6P

[4]

Materials and Methods
Chemicals and strains
All chemicals were regent grade, purchased from Sigma-Aldrich (St. Louis, MO) and
Fisher Scientific (Pittsburgh, PA), unless otherwise noted.

Avicel PH105,

microcrystalline cellulose, was purchased from FMC (Philadelphia, PA). Regenerated
amorphous cellulose (RAC) with a high adsorption capacity was made from Avicel [23].
The T. maritima genomic DNA was purchased from the American Type Culture
Collection (Manassas, VA). E. coli BL21 Star (DE3) (Invitrogen, Carlsbad, CA)
containing a protein expression plasmid was used for producing the recombinant protein.
The Luria-Bertani (LB) medium was used for E. coli cell growth and recombinant protein
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expression supplemented with 100 μg/mL ampicillin or 50 µg/mL kanamycin. The
oligonucleotides were synthesized by Integrated DNA Technologies (Coraville, IA).
Liquid glucose reagent based on hexokinase/glucose-6-phosphate dehydrogenase was
purchased from Pointe Scientific Inc. (Canton, MI).
Plasmid construction
The plasmids are summarized in Table 1. Plasmid pET33b-tim has an expression cassette
containing the tim gene [11]. Plasmid pET28a-ald whose expression cassette contains
only ald gene was kindly provided by Dr. J.J. Zhong [29]. The pCIF plasmid encoding
the CBM-intein-FBP fusion protein [21] and pCIP plasmid encoding the CBM-intein-PGI
fusion protein [25] were described elsewhere.
Recombinant protein expression and purification
For preparation of TIM and ALD, two hundred milliliters of the LB culture containing 50
ug/mL of kanamycin in 1-L Erlenmeyer flasks was incubated with a rotary shaking rate
of 250 rpm at 37 oC. After the absorbance (A600) reached ca. 1.2, the recombinant protein
expression was induced by adding IPTG (0.1 mM, final concentration). The culture was
incubated at 37 oC for 4 h. The cells were harvested by centrifugation at 4 oC, washed
twice by 50 mM of Tris-HCl buffer (pH 7.5), and re-suspended in a 15 mL of 30 mM
Tris-HCl buffer (pH 7.5) containing 0.5 M of NaCl and 1 mM of EDTA. The cell pellets
were lysed by Fisher Scientific Sonic Dismembrator Model 500 (5-s pulse on and off,
total 360 s, at 20% amplitude) in an ice bath. After centrifugation, the target proteins
(TIM and ALD) were purified through heat treatment at 60 oC for 20 min followed by
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gradient ammonium sulfate precipitation. The expression and purification of tag-free FBP
and PGI were described previously [21,25].
Activity assays
The activity assay of all enzymes was conducted by based on initial reaction velocities.
For TIM assay, G3P was the substrate and DHAP was the product. The product DHAP
was measured by using glycerol 3-phophate dehydrogenase (GPDH) in the presence of
NADH and the consumption of NADH was measured at 340 nm. Because thermophilic
glycerol-3-phophate dehydrogenase was not available and NADH was not stable at high
temperatures, thermophilic TIM activity was measured by using a discontinuous means.
Specifically, the generation of DHAP by using TIM was measured on 2 mM of G3P in
100 mM HEPES buffer (pH 7.5) containing 10 mM MgCl2 and 0.5 mM MnCl2 at 60 oC.
The reaction was stopped by addition of 5.8 M HClO4 (final, 0.65 M) and keep 5 min in
an ice-water bath followed by addition of 5 M KOH until pH ~7. After centrifugation of
the mixture, the supernatants were mixed with 0.2 mM NADH in 50 mM NADH
containing GPDH. The consumption of NADH was measured at 340 nm.
The ALD activity was measured by a continuous cascade reaction along with
sufficient TIM, FBP, and PGI. G3P and DHAP were substrates and F16P was the
product. After the cascade reactions, the reactions were stopped by the addition of
HClO4 [30]. The final product of G6P was measured by the liquid enzymatic glucose
reagent at 37 oC for 3 min. The absorbance was read at 340 mM with a reference of the
blank ALD solution [30].
FBP and PGI activities were measured as described elsewhere [21,25].
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Thermostability assays
In the experiments for determining the half-life time of PGI, the residual PGI activities in
the absence or presence of the other protein additives (e.g., 20 mg/L of BSA or of the
other three enzymes -- TIM: ALD: FBP unit ratio of 5:1:1) were measured after the
incubation in a 100 mM HEPES buffer (pH 7.5) containing 10 mM MgCl2 and 0.5 mM
MnCl2 at 60 oC. The product G6P was measured by the enzymatic glucose kit as
described above.
In the experiments for determining the half-life time of the four-enzyme mixture at a
concentration of 20, 123 or 617 mg/L, the TIM:ALD:FBP:PGI unit ratio was 5:1:1:1. The
residual activities of the four enzyme mixture were measured based on the formation of
G6P from G3P (Figure 1) in a 100 mM HEPES buffer (pH 7.5) containing 10 mM MgCl2
and 0.5 mM MnCl2 at 60 oC.
Other assays.
Mass concentration of soluble protein was measured by the Bio-Rad modified Bradford
protein kit with bovine serum albumin as a standard protein. 12 % SDS-PAGE was
performed in the Tris–glycine buffer as described elsewhere.

Results
Low-cost purification of ALD and TIM
One of the obstacles to the economic viability of CFB2 could be high cost of protein
purification. Because most E. coli cellular proteins deactivated at elevated temperature,
recombinant thermophilic proteins expressed in E. coli can be purified by heat
precipitation. Figure 2A presents the SDS-PAGE analysis for the ALD purification
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before and after heat treatment at 60oC for 10 to 60 min. E. coli BL 21 cells produced a
large amount of soluble ALD regardless of the induction of IPTG or lactose (Lane 1 and
2). After heat treatment and centrifugation, most cellular proteins were removed but some
minor bands remained. Alternatively, gradient ammonium sulfate precipitation was
commonly used as the first step for protein purification. As shown in Fig. 2B, ALD in the
crude cell lysate was precipitated by using ammonia sulfate more than 72% (Lanes 3 and
4) but not by ammonia sulfate less than 57.6%. A combination of both methods resulted
in high-purity ALD: heat pretreatment of ALD-containing cell lysate at 60oC for 20 min;
the addition of 57.6% ammonia sulfate, which removed remaining E. coli cellular
proteins; and the addition of more ammonia sulfate to 80% (final concentration) to
precipitate ALD (Fig. 2C, Lane 4).

Similar to ALD, thermophilic TIM was purified by heat precipitation at 60oC for 20 min
and 50% saturated ammonium sulfate precipitation that removed other proteins (results
not shown). Tag-free FBP and PGI were purified based on affinity adsorption of
cellulose-binding-module-containing proteins on cellulose followed by intein selfcleavage, as described previously [21,25]. All four purified enzymes are shown in Fig. 3.
The molecular weights of TIM, ALD, FBP and PGI were 28.0, 34.9, 28.6 and 49.3 kDa,
respectively, in good agreement with SDS-PAGE results (Fig. 3). The specific activities
of TIM, ALD, FBP and PGI were 3500, 1.78, 18.7 and 1900 U/mg protein, respectively.
Approximately 125 mg of the purified TIM and 210 mg of the purified ALD were
obtained per liter of the culture growing on the LB media, and their respective
purification yields were 31.8 % and 36.6 %.
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Stability of PGI enhanced greatly by other proteins
It was found that the thermostablity of PGI strongly depend on its mass concentration
(Fig. 4) but not for TIM, ALD, and FBP (data not shown). The half-life time of PGI
decreased greatly at 60 oC when its mass concentration decreased from 20, 0.6 and 0.017
mg/L. The half-life time of thermo-inactivation was approximately 19 h at 20 mg/L while
those of PGI were 2.9 and 1.9 h at 0.6 and 0.017 mg/L, respectively.

It was well-known that the addition of other proteins (e.g., BSA) or other
macromolecules could increase the half-life time of unstable proteins. The addition of 20
mg/L BSA into a 0.017 mg/L PGI solution resulted in a great enhancement in half-life
time from 1.9 to 86 h by 45-fold (Fig. 5). The addition of 20 mg/L of three enzymes (i.e.,
TIM, ALD and FBP) also prolonged the half-life time of 0.017 mg/L PGI to 52 h. Both
20 mg/L BSA and three-enzyme mixture stabilized the PGI longer than 20 mg/L PGI
only (t1/2 = 19 h). This difference in half-life time by the addition of the BSA or other
three-enzymes might be caused by different hydrophobic interactions among the surface
of the proteins [31,32]. This result suggested that macromolecular crowding effects might
be of importance to keep labile enzymes stable in the cells while low concentration
purified enzymes were not stable in vitro.

Prolonged life-time for the optimized four-enzyme cocktail
To further investigate the thermostability of the enzyme mixture that converted G3P to
G6P, TIM, ALD, FBP and PGI were mixed at the unit ratio of 5:1:1:1 at their working
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concentration ranges from 20 to 617 mg/L. The activities of ALD, FBP and PGI were the
same, ensuring a constant flux among them at a minimal use of enzyme loading; while
TIM activity was five times the others so that there was enough DHAP and G3P for the
formation of F16P. The lumped half-life time of the enzyme mixture of 20 mg/L was 154
h (Fig. 6). The lumped half-life times of the four-enzyme mixture were increased 60 and
180 % when the mass concentration was increased to 123 and 617 mg/L, respectively.
Because of the presence of the other proteins, the half-life time of PGI was 433 h at the
total enzyme loading of 617 mg/L (i.e., 1.43, 562, 53.5 and 0.53 mg/L of TIM, ALD,
FBP and PGI, respectively), resulting in a great increase in TTN values from ~2 × 107 to
6.2 ×109 mole product per mole of enzyme. These results implied that enzyme stability
strongly depends on its environmental macromolecular concentration.

Discussion
Cell-free biosystems comprised of synthetic enzymatic pathways has numerous industrial
benefits: fewer unit operations, less reactor volume and higher volumetric and space-time
yield, shorter cycle times and less waste generation, compared to single reactions in
cascade [2,5,33]. The use of thermophilic enzymes at mesophilic temperatures enables to
prolong enzymes’ life-time and save enzyme costs greatly. It is relatively easy to overexpress recombinant proteins from thermophilic organisms in mesophilic hosts like E.
coli and purify them by using heat precipitation, such as TIM and ALD (Fig. 2).
However, not all thermophilic enzymes (e.g., PGI) were stable enough for heat treatment.
Although PGI can be stabilized greatly by enzyme immobilization [25], the presence of
insoluble adsorbent decreases efficient reactor volume [34] and could reduce mass
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transfer on the surface of solid adsorbent [35]. This study clearly suggested that the
presence of other proteins had a strong synergetic effect on the stabilization of the
thermolabile PGI. Also, this result could be used to explain why not all enzymes
originated from thermophilic microorganisms are stable in vitro because of a lack of the
macromolecular crowding environment [26].

Although it was easy for cell-free biosystems to achieve high product yields [7,11,36], it
was essential to decrease biocatalyst cost to competitive levels. Enzyme costs are
strongly correlated to enzyme product costs and their stability, which was represented by
total turn-over number (TTN) (TTN = kcat/kd) [37]. Industrial bulk enzyme production
costs have been reduced to approximately $10 per kg, such as cellulase, protease, and so
on. It was estimated that enzyme costs in cell-free biosystems would be minimal (e.g.,
$0.01/kg product) when all enzymes have TTN values of 107-108[5,11]. Although free
PGI only was not stable enough for meeting the above TTN thresholds, PGI mixed with
the other enzymes had TTN value of more than 109 mole of product per mole of PGI,
suggesting that there was no further efforts for stabilizing free PGI under their reaction
conditions (e.g., 617 mg/L enzyme containing 5000 U/L TIM, 1000 U/L ALD, 1000 U/L
FBP and 1000 U/L PGI) [7,11].

In conclusion, simple low-cost purification method of thermophilic enzymes (i.e., TIM
and ALD) was studied by a combination of heat treatment and ammonium sulfate
precipitation. The free PGI was not stable while its stability was greatly enhanced in the
presence of other enzymes possibly due to in vitro macromolecule crowding effects. This
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synergic stability effect induced by a number of enzymes could be very useful in cell-free
biosystems for biomanufacturing.
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Figure 1. The cascade reactions catalysed by the TIM, ALD, FBP and PGI.
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Figure 2. SDS-PAGE analysis of ALD purification by using heat precipitation and
ammonia sulfate precipitation. (a) SDS-PAGE analysis of the remained protein after heat
treatment at 60 oC for denature of the E. coli heat-labile cellular proteins. Lane M,
marker; lane 1 and 2, supernatant of cell lysate induced by IPTG and IPTG/lactose
respectively; lane 3, 4, 5 and 6; supernatants after heat treatment of cell lysate (lane 1) for
10, 20, 30, and 60 min respectively.
(b) SDS-PAGE analysis of the precipitated protein at different salt concentration (% of
sat. ammonium sulfate). Lane M, marker; lane 1, supernatant of cell lysate induced by
IPTG; lane 2; supernatants after heat treatment of cell lysate for 20; lane 3, 4, 5, and 6,
precipitated proteins at 90, 72, 57.6, 46.1 % of saturated ammonium sulfate solution
respectively.
(c) SDS-PAGE analysis of purified enzyme after heat treatment and followed by
ammonium sulfate precipitation. M, marker; lane 1, supernatant of cell lysate induced by
IPTG; lane 2; supernatants after heat treatment of cell lysate for 20 min at 60 oC; lane 3,
precipitated protein from lane 2 at 57.6 % of saturated ammonium sulfate solution; 4,
precipitated proteins at 80 % of of saturated ammonium sulfate solution from supernatant
at 57.6 % of saturated ammonium sulfate solution.
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Figure 3. SDS-PAGE analysis of cell lystates and purified enzymes. Lane M, marker;
lane 1, the soluble fraction of cell lysate of TIM in E. coli; lane 2, purified TIM; lane 3,
the soluble fraction of cell lysate of ALD in E. coli; lane 4, purified ALD; lane 5, the
soluble fraction of cell lysate of FBP in E. coli; lane 6, purified FBP; lane 7, the soluble
fraction of cell lysate of PGI in E. coli; lane 8, purified PGI.
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Figure 4. Thermostability of PGI with different concentrations of 0.017 (■), 0.6 (●), and
20 mg/L (▲) at 60 oC.
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Figure 5. Thermostability of 0.017 mg/L PGI only (■), PGI supplemented with 20 mg/L
of BSA (●), PGI supplemented with 20 mg/L of the other three enzymes: TIM, ALD, and
FBP (▲) at 60 oC.
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Figure 6. Thermostabiliy of the four-enzyme mixture at a concentration of 20 mg/L (■),
123 mg/L (●), and 617 mg/L (▲) at 60 oC.
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Table 1. Plasmids and purification method
Plasmid

Characteristics

Target protein and

Ref.

purification method
pET33b-tim

KanR, T. thermophilus triose

TIM, heat treatment and

phosphate isomerase (TtcTIM)

ammonium sulfate

expression cassette subcloned

precipitation.

[35]

into pET33b.
pET20a-ald

KanR, T. martima ALD

ALD, heat treatment and

expression cassette cloned

ammonium sulfate

[35]

precipitation
pCIF

AmpR, with cbm-intein-fbp

FBP, bio-specific adsorption

expression cassette cloned (fbp

of CBM tagged intein-FBP on

gene from T. martima)

RAC followed by intein self-

[21]

cleavage.
pCIP

AmpR, with cbm-intein-pgi

PGI, bio-specific adsorption of

expression cassette cloned (pgi

CBM tagged intein-FBP on

gene from C. thermocellum)

RAC followed by intein selfcleavage.
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Abstract
Easily-recycled cellulose-containing magnetic nanoparticles were developed for
immobilizing cellulose-binding module (CBM)-tagged enzymes/proteins and the selfassembled three-enzyme complex called synthetic matabolon. Avicel (microcrystalline
cellulose)-containing magnetic nanoparticles (A-MNPs), dextran-containing magnetic
nanoparticles (D-MNPs) and magnetic nanoparticle (MNPs) were prepared and then their
adsorption abilities were investigated by using cellulose-binding module (CBM)-tagged
green fluorescence protein and phosphoglucose isomerase. A-MNPs had higher
adsorption capacity and stronger binding on CBM-tagged proteins than the the other
NMPs because of the high-affinity interaction between cellulose and the CBM-tag. ANMPs were used to purify and co-immobilize three dockerin-containing enzymes through
a CBM-tagged scaffoldin containing three cohesins. The synthetic three-enzyme
matabolon comprised of triosephosphate isomerase, aldolase, and fructose 1,6bisphosphatase was self assembled on the surface of A-NMPs because of high-affinity
interactions between cohesins and dockerins. Thanks to spatial organization of cascade
enzymes, the immobilized metabolon on the surface of A-MNPs exhibited 4.6 times of
initial reaction rate higher than the non-complexed three-enzyme mixture at the same
enzyme loading. These results suggested that the cellulose-containing NMPs were a new
support for immobilizing enzymes, which could be selectively recycled or removed from
other biocatalysts by a magnetic force.

Key words: cell-free biosystem, cascade enzymatic reaction, enzyme immobilization,
magnetic nanoparticles, substrate channeling, synthetic; metabolon
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Introduction

Enzyme immobilization has been widely used for prolonging life time of immobilized
enzymes and separating and recycling immobilized enzymes from soluble substrates and
products [1-3]. During the past several decades, numerous enzyme immobilization
technologies have been developed, such as physical adsorption [4,5], covalent bonding
[6,7], encapsulation/entrapment [8,9], cross-linking enzyme aggregate (CLEA) [10,11],
and so on. However, there is not a single method or material suitable for all enzymes and
their respective applications because support materials and immobilization methods are
influenced by a few aspects, such as physical, chemical and economical properties and
characteristics of enzymes and support materials [2]. The physical adsorption of an
enzyme to an insoluble support is attractive because it is simple, quick, cheap, and has no
or little damage to enzymes. However, its disadvantages include the leakage of the
enzyme from the support, non-specific binding, and steric hindrance by the support.
Cellulose-binding module (CBM) tags, in particular, family 3, have been applied as an
affinity tag for the purification and immobilization of CBM-tagged fusion proteins on
cellulose supports because of their high affinity to cellulose [12-16]. Cellulose is a lowcost, inert, stable, biodegradable, and readily available in different forms. One-step
protein purification and immobilization method has been developed to selectively adsorb
CBM-tagged proteins on cellulose [17,18].

Magnetic nanoparticles (MNPs) are widely used in the biotechnological and biomedical
applications [19-21]. Numerous synthesis and surface functionalization of iron oxide
MNPs have been developed, such as co-precipitation [22], thermal decomposition [23],
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hydrothermal synthesis [24], microemulsion [25], and sonochemical synthesis [26,27].
Also, MNPs can be applied to an easy separation of target material in a liquid phase
reaction. By using a magnetic force, MNPs are considered as a controllable carrier for
target materials, such as enzymes [28-30], drugs [31,32], antibodies [33], and so on. For
enzyme immobilization on MNPs, it is important to functionalize the surface of MNPs
for the selective attachment of target biomolecules. Huang et al. studied the properties of
surface functional groups, biocompatibility, and bioapplication of three NMPs made by
using dextran, chitosan, or poly acrylic acid as a surfactant [34].

Cell-free biosystems comprised of (non-natural) synthetic enzymatic pathways can
implement complicated biochemical reactions that microbe and catalysts cannot do, for
example, high-yield hydrogen generation from sugars, enzymatic conversion of cellulose
to starch [35,36]. For the purpose of biomanufacturing, these cell-free biosystems could
be used to produce high-yield hydrogen [37,38], alcohols [39], organic acids [40,41], jet
fuel [42], proteins [43], electricity [44,45], fine chemicals [46], saccharide drugs [47],
and even to fix CO2 [48,49]. Cell-free biosystems would be economically competitive
with microbial fermentation for the production of biocommodities only when all of the
enzymes in systems have high total turn-over numbers and low-cost bulk enzyme
production and purification are available [35]. However, it is impossible that all enzymes
in cell-free biosystems have the same life-time because their turn-over numbers usually
vary in several orders of magnitude. It could be too costly to get rid of all enzymes when
only a fraction of them with a short life time are deactivated.
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Therefore, it is

economically vital to selectively remove deactivated enzymes or re-use active enzymes
from other enzymes.

Multiple enzymes one pot results in several benefits: few unit operations, less reactor
volume, higher volumetric and space-time yields, shorter cycle times, and less waste
generation [50]. Spatial organization of cascade enzymes could greatly accelerate
reaction rates. This phenomenon is called substrate channeling, a process of transferring
the product catalyzed by one enzyme as the substrate to the adjacent cascade enzyme
without fully equilibrating the bulk phase [51,52]. For example, the optimized distance
between the two enzymes controlled by DNA scaffolds results in over 20 fold
improvement of reaction rate compared to the free enzymes mixture [53]. Enzyme
complexes on specific DNA origami tiles with the controlled inter-enzyme spacing and
position enhanced activity more than 15 times higher than the free enzyme mixture [54].
In addition to facilitating reaction rates, synthetic enzyme complexes called metabolons
may decrease purification cost by using biospecific affinity interaction between the
cohesins of scaffoldins and the dockerins of enzymes and avoid the degradation of labile
metabolites [55,56].

In this paper, we studied cellulose-containing MNPs for the immobilization of CBMtagged proteins and a synthetic metabolon. Avicel-containing MNPs (A-MNPs), dextrancontaining MNPs (D-MNPs), and MNPs were prepared for comparing their properties.
Also substrate channeling of the synthetic metabolon on the surface of A-MNPs was
investigated.
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Materials and Methods
Chemicals and strains
All chemicals were regent grade, purchased from Sigma-Aldrich (St. Louis, MO) and
Fisher

Scientific

(Pittsburgh,

PA),

unless

otherwise

noted.

Avicel

PH105,

microcrystalline cellulose, was purchased from FMC (Philadelphia, PA). The T. maritima
(ATCC 43589) genomic DNA was purchased from the American Type Culture
Collection (Manassas, VA). E. coli BL21 Star (DE3) (Invitrogen, Carlsbad, CA)
containing a protein expression plasmid was used for producing the recombinant protein.
The Luria-Bertani (LB) medium was used for E. coli cell growth and recombinant protein
expression supplemented with 100 μg/mL ampicillin or 50 ug/mL kanamysin. The
oligonucleotides were synthesized by Integrated DNA Technologies (Coraville, IA).
Liquid glucose reagent based on hexokinase/glucose-6-phosphate dehydrogenase was
purchased from Pointe Scientific Inc. (Canton, MI).
Plasmid construction
The plasmids used are summarized in Table 1. Plasmid pNT02 plasmid encoding the
TGC fusion protein was described elsewhere [62]. Plasmid pET20b-tim has an
expression cassette containing the tim gene [42]. Plasmid pET28a-ald whose expression
cassette contains ald gene was kindly provided by Dr. J.J. Zhong [63]. The pCIF plasmid
encoding the CBM-intein-FBP fusion protein [55] and pCIP plasmid encoding the CBMintein-PGI fusion protein [17] were described elsewhere. pET20b-mini-scaf, pET20btim-ctdoc, pET20b-ald-ccdoc, and pET20b-fbp-rfdoc, which were constructed by the
simple cloning method [64], were described elsewhere [56].
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Recombinant protein expression and purification
For the preparation of recombinant proteins: TIM and ALD, two hundred milliliters of
the LB culture containing 50 ug/mL of kanimysin in 1-L Erlenmeyer flasks was
incubated with a rotary shaking rate of 250 rpm at 37 oC. When the absorbance (A600)
reached ca. 1.2, the recombinant protein expression was induced by adding IPTG (0.1
mM, final concentration). The culture was incubated at 37 oC for 4 h. The cells were
harvested by centrifugation at 4 oC, washed twice by 50 mM of Tris-HCl buffer (pH 7.5),
and re-suspended in a 15 mL of 30 mM Tris-HCl buffer (pH 7.5) containing 0.5 M of
NaCl and 1 mM of EDTA. The cell pellets were lysed by Fisher Scientific Sonic
Dismembrator Model 500 (5-s pulse on and off, total 360 s, at 20% amplitude) in an ice
bath. After centrifugation, the target proteins (TIM and ALD) were purified through heat
treatment at 60 oC for 20 min followed by gradient ammonium sulfate precipitation. The
expression and purification of tag-free FBP [55] and PGI and CBM-PGI [17] were
described elsewhere. The expression and purification conditions of mini-scafoldin, TIMCtDoc, ALD-CcDoc, and FBP-RfDoc were described elsewhere [56].
Preparation of MNPs
A-MNPs and D-MNPs were synthesized according to the solvethermal synthesis method
[27,34,57]. Briefly, 0.338 g of iron chloride (FeCl3•6H2O, 1.25 mmole) was completely
dissolved in 10 mL of ethylene glycol to yield a clear yellow solution, followed by the
addition of 1.36 g of sodium acetate (NaAc•3H20, 10 mmole) and 0.125 of Avicel or of
dextran. The mixture was stirred vigorously for 30 min. The mixture was sealed the
pressure container and then heated at 200 oC for 12 h. The containers were cooled down
slowly at room temperature. The products collected by a magnet were washed with
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ethanol and then dried at 60 oC for 6 h. The MNPs without cellulose were also
synthesized as described above.
Assay method of MNPs (TEM, SEM)
Morphology and structure images of MNPs were examined with the FEI TITAN 300
field emission analytical electron microscope (FEI, Hillsboro, OR) and the LEO 1550 as
a high-performance Schottky filed-emission scanning electron microscope (Carl Zeiss
Micoscopy, Jena, Germany).
Adsorption of TGC or CBM-PGI on three MNPs.
For determining the maximum adsorption capacities of MNPs, the crude cell lysate
containing TGC was mixed with MNPs at room temperature for 10 min. The protein
mass concentration of the unbound protein and total protein was measured by the
Bradford reagent. The maximum adsorption capacities of each MNPs were calculated
following the Langmuir isotherm as described elsewhere [18,62]. The leakage of
adsorbed CBM-PGI on MNPs was investigated as below. The CBM-PGI slurry mixed
with MNPs was suspended in 50 fold volume of 100 mM HEPES buffer (pH 7.5) at room
temperature with 3 sec vortex followed by collect the MNPs by a magnet. After the
supernatant was removed, the MNPs were suspended in the HEPES buffer again. These
washing steps were repeated several times. Small amounts of the re-suspended pellets
were withdrawn for the PGI activity assay.
Enzyme activity assays
The activity assay of all enzymes was conducted by based on their initial reaction
velocities. For TIM assay, G3P was the substrate and DHAP was the product. The
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product DHAP was measured by using glycerol 3-phophate dehydrogenase (GPDH) in
the presence of NADH and the consumption of NADH was measured at 340 nm. Because
thermophilic glycerol-3-phophate dehydrogenase was not available and NADH was not
stable at high temperatures, thermophilic TIM activity was measured by using a
discontinuous means. Specifically, the generation of DHAP by using TIM was measured
on 2 mM of G3P in 100 mM HEPES buffer (pH 7.5) containing 10 mM MgCl2 and 0.5
mM MnCl2 at 60 oC. The reaction was stopped by adding 5.8 M HClO4 (final, 0.65 M) in
an ice-water bath for 5 min followed by the addition of 5 M KOH until pH ~7. After
centrifugation of the mixture, the supernatants were mixed with 0.2 mM NADH in 50
mM NADH containing GPDH. The consumption of NADH was measured at 340 nm.
The ALD activity was measured by a continuous cascade reaction along with
sufficient TIM, FBP, and PGI. G3P and DHAP were substrates and F16P was the
product. After the cascade reactions, the reactions were stopped by the addition of
HClO4 [56]. The final product of G6P was measured by the liquid enzymatic glucose
reagent based on hexokinase/glucose-6-phosphate dehydrogenase at 37 oC for 3 min.
The absorbance was read at 340 mM with a reference of the blank ALD solution.
FBP and PGI activities were measured as described elsewhere [17,55].
For the cascade reaction assay, G3P was the substrate and F6P was the product.
The product F6P can be measured by the liquid glucose reagent kit supplemented with
PGI at 37 oC for 3 min. Specifically, the generation F6P can be done by using cascade
enzymes with 2.5 mM of G3P in 200 mM HEPES buffer (pH 7.5) containing 10 mM
MgCl2, 0.5 mM MnCl2, and 1 mM CaCl2 at 60 oC. The reaction was stopped by addition
of 5.8 M HClO4 (final, 0.65 M) in an ice-water bath followed by addition of 5 M KOH to
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pH ~7. After centrifugation of the mixture, the supernatant was mixed with the liquid
glucose reagent supplemented with PGI at 37 oC for 3 min. The samples were measured
by the absorbance value at 340 nm. The increase NADH is directly proportional to the
amount of F6P in the sample.
Other assays
Mass concentration of soluble protein was measured by the Bio-Rad modified Bradford
protein kit with bovine serum albumin as a standard protein. 12 % SDS-PAGE was
performed in the Tris–glycine buffer as described elsewhere.

Results and Discussion
Preparation and characterization of MNPs.
Three different types of magnetic particles (A-MNPs, D-MNPs, and MNPs) were
synthesized though a solvethermal method. The addition of dextran as a surfactant can
prevent particle agglomeration and facilitate the formation of nanocrystal particles
[34,57]. FeCl3, ethylene glycol, and sodium acetate in the synthesis reactions were known
as the source of magnetite, a solvent and high boiling point reducing agent, and an
electrostatic stabilizer to prevent particle agglomeration, respectively [34,57]. In this
study, Avicel (microcrystalline cellulose) was used to replace dextrin because it is a lowcost commercial commodity. Under the preparation conditions, the amounts of A-NMPs,
NMPs and D-MNPs produced were 97.5 ± 0.6, 94.4 ± 0.6 and 95.1 ± 0.8 mg, respectively.
A-MNPs, D-MNPs, and MNPs were characterized by using SEM (Fig. 1a, c, and e) and
TEM (Fig. 1b, d, and f). Three MNPs had typical spherical shapes, as described
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elsewhere [34,57]. The particle size of A-MNPs (Fig. 1a&b) was a little larger than those
of MNPs (Fig. 1c&d) and D-MNPs (Fig. 1e&f). They were ~650 nm for A-MNPs, ~300
nm for MNPs, and ~300 nm for D-MNPs (Fig. 1). Small cracks/holes were observed on
the surface A-MNPs and D-MNPs while MNPs have a smooth surface. These results
implied that polymers (Avicel or dextrin) were present at both the surface and the interior
of the particles, which was reported in the cases of dextran, chitosan, or poly acrylic acid
as a surfactant [34].

Protein adsorption and immobilization on NMPs.
The protein adsorption profiles on MNPs were studied based on CBM-tagged proteins:
thioredoxin-GFP-CBM protein (TGC) [13] and family 3 CBM-tagged phosphoglucose
isomerase (PGI) [17]. It is well-known that family 3 CBM tags can be bound on the
surface of cellulose through biospecific adsorption (Fig. 2a&c) [13]. The green aqueous
solution containing TGC turned colorless after A-MNPs were added and a magnet was
applied because black A-MNPs can bind with TGC tightly (Fig. 2b). The adsorption
profiles of TGC were examined on A-MNPs, MNPs, and D-MNPs. Their adsorption
obeyed typical Langmuir isotherms (Fig. 3). The maximum binding capacity of A-MNPs
was 13.1 mg/g, nearly 1.4 and 2.4 times those of MNPs (i.e., 9.6 mg/g) and D-MNPs
(i.e., 5.4 mg/g). Although enzyme immobilization through physical adsorption could
retain most enzyme activity, we further investigated the adsorption of CBM-tagged PGI
by A-MNPs, MNPs and D-MNPs. At the same amounts of MNPs and CBM-PGI, the
immobilized PGI on A-MNP were 2.57 times that on D-MNPs and 3.20 times that on
MNPs (data not shown). These above results suggested that A-MNPs not also had higher
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enzyme-immobilization capacity but also retained more enzyme activity compared to DMNPs and MNPs. It was mainly due to the bio-specific affinity interaction between
cellulose in MNPs and the CBM tag, which could decrease the possibility of random
adsorption.

Because physically-adsorbed proteins on magnetic particles may be washed out
reversibly, the leakage of CBM-PGI immobilized on MNPs was investigated (Fig.4). It
was found that the remaining PGI activity on A-MNPs was decreased only 20 % after 8
washes, while the remaining PGI activities on D-MNPs and MNPs were 34 and 46 % of
initial activities, respectively. This result suggested that A-MNPs can bind to CBMtagged enzymes more tightly than D-MNPs and MNPs.

Synthetic metabolon immobilized on A-MNPs
Triosephosphate isomerase (TIM, EC 5.3.1.1), aldolase (ALD, EC 4.1.2.13), and fructose
1,6-bisphosphatase (FBP, EC3.1.3.11) are cascade enzymes in the glycolysis and
gluconeogenesis pathways, which could be used for high-yield hydrogen production from
sugars [3,37,38]. TIM catalyses the reversible conversion of glycer-aldehyde-3-phosphate
(G3P) to dihydroxy-acetone phosphate (DHAP) (Equation 1). ALD catalyses the
reversible aldol condensation of G3P and DHAP to fructose 1,6-bisphosphate (F16P)
(Equation 2). FBP catalyses the irreversible conversion of F16P to fructose 6-phosphate
(F6P) (Equation 3).
TIM

G3P ↔ DHAP

[1]
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ALD

G3P + DHAP ↔ F16 P

[2]

FBP

F16 P + H 2O → F 6 P + Pi

[3]

Because natural cellulase complexes called cellulosomes were formed through the highaffinity interaction between cohesins and dockerins, Bayer et al.[58] proposed to
construct designed enzyme complexes by utilizing species-specificity dockerins and
cohesins, where they can bind tightly at the molar ratio of 1:1. The immobilization of a
self-assembled three-enzyme complex called metabolons containing TIM, ALD and FBP
through a synthetic synthetic trifunctional scaffoldin was investigated on A-MNPs (Fig.
5a). This synthetic metabolon was comprised of a dockerin-containing Thermus
thermophilus triose phosphate isomerase (TIM), a dockerin-containing Thermotoga
maritima fructose bisphosphate aldolase (ALD), a dockerin-containing T. maritima
fructose bisphophatase (FBP) and a mini-scaffold containing a family 3 cellulose-binding
module at the N-terminus followed by three different type of cohesins from the
Clostridium

thermocellum

CipA,

Clostridium

cellulovorans

CbpA

[59]

and

Ruminococcus flavefaciens ScaB [60].

This synthetic three-enzyme complex was assembled in vitro through the high-affinity
interaction between cohesins and dockerins when the cell extracts containing four
proteins were mixed. When A-MNPs were applied, the synthetic three-enzyme complex
was adsorbed on the surface of A-MNPs for their fast purification and co-immobilization
(Fig. 5a). The purified enzyme complex contained four bands in SDS-PAGE gel (Fig. 5b,
Lane 1). They were mini-scaffoldin, TIM, ALD, and FBP as 1:1:1:1 at a molar ratio. The
activities of dockerin-containing TIM, ALD, and FBP in the presence of mini-scaffoldin
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were similar with those of dockerin-free enzymes (data not shown), suggesting that the
dockerin addition did not influence the activity of each enzyme [56].

Furthermore, we investigated the reaction rates of the synthetic metabolon immobilized
on A-MNPs, the non-immobilized synthetic metabolon and the free enzyme mixture (Fig.
6). The free TIM and ALD were purified by heat treatment followed by ammonium
sulfate precipitation. The tag-free FBP was purified by affinity adsorption on RAC
followed by intein-self cleavage method [55]. The purified three free enzymes (Lane 2, 3,
and 4) were shown in Fig. 5. Another purified PGI (Lane 5) was used to measure
fructose-6-phosphate formation. The F6P generation rates from 2.5 mM G3P were
measured at 60 oC (Fig. 6). The immobilized metabolon on A-MNPs had an initial
reaction rate of 0.285 μM/s, 4.6 times that of the free enzyme mixture (i.e., 0.062 μM/s).
Such rate enhancement was attributed that DHAP generated by TIM can be rapidly
transferred to an adjacent ALD to yield F16P. Also, the immobilized synthetic metabolon
exhibited 175% initial reaction rate higher than that of the free synthetic metabolon (i.e.,
0.163 μM/s), which was possibly due to shorter enzyme-enzyme distances when the
metabolon was immobilized on the surface of the solid adsorbent than those in the
aqueous solution.

Cell-free biosystems comprised of synthetic enzymatic pathways could become an
innovative biomanufacturing platform. It was essential to ensure all enzymes to reach
their maximum total turn-over numbers before their replacement. Immobilized CBMtagged enzymes or their complexes on A-NMPs can be recycled easily from other free
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enzymes or immobilized enzymes by using a magnetic force. Therefore, it was highly
operative to selectively separate deactivated enzymes from active enzymes by using
magnetic field. As a result, it could greatly decrease enzyme costs in cell-free biosystems.
On the other hand, selective removal of enzymes immobilized on MNPs could be very
effective to stop cascade enzymatic reactions. For example, it will be important to stop
and resume enzymatic hydrogen generation of biotransformers in hypothetical sugar-fuel
cell vehicles [61]. We envisioned that the selective removal and addition of some key
enzymes immobilized on A-MNPs by a switchable magnetic force could stop and resume
reactions rapidly.

In conclusion, the cellulose-containing magnetic nanoparticles were prepared for the
immobilization of CBM-tagged proteins or the metabolon. Although A-MNPs exhibited
higher adsorption capacity, did not negative influence activity of immobilized enzymes,
and retained more enzyme activity after washing, compared to MNPs and D-MNPs
because of the selective affinity binding between cellulose and CBM. Substrate
channeling among the synthetic metabolon immobilized on the surface of A-NMPs could
not only increase cascade reaction rates greatly but also decrease enzyme cost in cell-free
biosystems. The use of enzymes immobilized on A-MNPs could be very useful to control
the On/Off of cascade enzymatic reactions.
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Figure 1. Images of different types of the MNPs under SEM (a, c, and e) and TEM (b, d,
and f). A-MNP (a&b); MNP (c&d); and D-MNP (e&f).
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Figure 2. Scheme of CBM-tagged proteins adsorbed on A-MNP. (a) TGC adsorbed on
A-MNP, (b) the process of collecting TGC adsorbed on A-MNP by using magnetic field
and (c) PGI adsorbed on A-MNP.
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Figure 3. The adsorption profiles of TGC on A-MNP, MNP, and D-MNP. The curves
were fitted by the Langmuir equations.
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Figure 4. Leakage testing of CBM-PGI immobilized on A-MNP, MNP, and D-MNP.
Remaining activities of immobilized CBM-PGI were measured after the number of
washing step.
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Figure 5. (a) Scheme of the cascade reactions catalysed by the multi-enzyme complex
including TIM, ALD, and FBP on A-MNP for the generation of f6p from g3p. (b)SDSPAGE analysis of purified multi-enzyme complex, three single enzymes, and additional
enzyme for product assay. Lane M, marker; lane 1; enzyme complex including miniscafoldin, TIM-CtDoc, ALD-CcDoc, and FBP-RfDoc, lane 2; purified TIM, lane 3;
purified ALD, lane 4; purified FBP; lane 5 purified PGI.
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Figure 6. Comparison of the reaction activities of the enzyme complex immobilized on
A-MNP, the unbound enzyme complex, and the non-complexed enzyme mixture at the
same enzyme loading.
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Table 1. Plasmids and purification method
Plasmid

Characteristics

pNT02

AmpR,
gfp-cbm
expression
cassette
cloned,
green
fluorescence protein (gfp) gene,
cellulose-binding module (cbm)
gene from C. thermocellum
AmpR,
cbm-pgi
expression
cassette cloned, cbm gene from C.
thermocellum, pgi gene from C.
thermocellum.
KanR, tim expression cassette
cloned,
tim
gene
from
T.thermophilus.
KanR, ald expression cassette
cloned, ald gene from T. martima.

pCP

pET33b-tim

pET20a-ald

pCIF

AmpR, cbm-intein-fbp expression
cassette cloned, fbp gene from T.
martima.

pCIP

AmpR, cbm-intein-pgi expression
cassette cloned, pgi gene from T.
martima.

pET20bmini-scaf

AmpR, mini-scaffoldin expression
cassette cloned, containing a CBM
module from C. thermocellum and
three different cohesins from C.
thermocellum, C. cellulovorans
and R. flavefaciens,
AmpR,
tim-ctdoc
expression
cassette cloned, tim gene from T.
thermophiles, the C. thermocellum
dockerin module.

pET20b-timctdoc

pET20b-aldccdoc

AmpR,
ald-ccdoc
expression
cassette cloned, ald gene from T.
maritime, the C. cellulovorans
dockerin module.

pET20b-fbprfdoc

AmpR,
fbp-rfdoc
expression
cassette cloned, fbp gene from T.
maritime FBP, the R. flavefaciens.
dockerin module.
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purified
protein
and
purification method
GFP-CBM (TGC), biospecific adsorption of CBM
tagged GFP on RAC
followed by ethylene glycol
elusion.
CBM-PGI,
bio-specific
adsorption of CBM on RAC
followed by ethylene glycol
elusion.
TIM, Heat treatment and
ammonium
sulfate
precipitation
ALD, heat treatment and
ammonium
sulfate
precipitation
FBP, bio-specific adsorption
of CBM tagged intein-FBP
on RAC followed by intein
self-cleavage.
PGI, bio-specific adsorption
of CBM tagged intein-PGI
on RAC followed by intein
self-cleavage.
CBM-CtCoh-CcCoh-RfCoh
(Mini-scaf),
bio-specific
adsorption of CBM on RAC
followed by ethylene glycol
elusion.

Ref.

TIM-CtDoc,
bio-affinity
interaction between CtDoc
and Mini-scaf followed by
CBM adsorption on RAC
and ethylene glycol elusion.
ALD-CcDoc,
bio-affinity
interaction between CcDoc
and Mini-scaf followed by
CBM adsorption on RAC
and ethylene glycol elusion.
FBP-RfDoc,
bio-affinity
interaction between RfDoc
and Mini-scaf followed by
CBM adsorption on RAC
and ethylene glycol elusion.
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Abstract
Abundant, clean and carbon-neutral hydrogen is widely believed to be an ultimate energy
carrier replacing fossil fuels. The production of hydrogen from biomass is appealing
because biomass is abundant renewable energy source as a potential high-density and
low-cost hydrogen carrier. In this study, it was investigated that nearly throretical
amounts of dihydrogen (i.e., 24 moles/mole of sucrose) can be produced from sucrose,
most abundant disaccharide on earth, by a cell-free non-natural synthetic pathway in a
batch reaction containing fifteen enzymes comprising. The rate and yield of dihydrogen
production were 2.98 mmoles of H2 per liter per hour and 96.7 % compared to theoretical
yield, respectively. The maximum rate of dihydrogen production was increased 3.1 fold
when substrate concentration was increased from 2 to 50 mM in a fed-bath reaction.
These findings suggest that cell-free biosystems comprising cascade enzymes might
prove useful for the generation of low-cost dihydrogen from sucrose. And the rate and
yield of hydrogen produced by a cell-free biosystem can potentially be enhanced by
changing of the reaction conditions, such as enzyme concentration, reaction temperature,
substrate concentration, and so on.

Key words: Biocatalysis, Hydrogen, Sucrose, Synthetic pathway, Hydrogenase,
Polyphosphate, Cell-free biosystems, Enzyme cocktail
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Introduction
Concerns about the depletion of fossil fuels and accumulation of greenhouse gases
motivate to utilize renewable energy sources and increase energy utilization efficiency.
Hydrogen is widely believed to be one of the best future energy carriers and energy
storage media, especially in the hydrogen economy, mainly because of higher energy
conversion efficiency through fuel cells and fewer pollutants generated in end users. A
full development of the hydrogen economy needs improvement in hydrogen storage,
transportation and distribution [1,2]. Also, hydrogen is one of the most important
chemical commodities, which is mainly produced from natural gas, petroleum, and coal
[1,3]. The future of energy supply depends on innovative breakthroughs regarding the
design of cheap, sustainable, and efficient systems for the conversion and storage of
renewable energy sources, such as solar energy [4].

Sunlight-driven water splitting

for

the

hydrogen

production

through

artificial

photosynthesis can be implemented through natural photosynthesis systems, namely
hydrogenases and photosystem II based on iron, nickel, and cobalt [5], artificial
photosynthestic systems based on photosensitizers/semiconductors/photocatalysts [4,6],
and their hybrids [7]. Because solar energy is an intermittent and broad wavelength
electromagnetic radiation with an average energy concentration of ~200 W/m2, resulting
in great challenges in solar energy harvesting, high-efficiency conversion in terms of its
strength variation and product collection [5]. Therefore, technologies of water splitting
powered by solar energy are still far from practical applications [1,4,8].
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Water splitting powered by less costly and high-energy density biomass sugars is
promising for potentially high reaction rates and easy product collection. However,
natural and metabolic engineered hydrogen-producing microorganisms cannot produce
high-yield hydrogen from sugars due to the Thauer limit (i.e., 4 moles of hydrogen per
mole of hexose) [9-13]. To break the constraints of microorganisms, cell-free metabolic
engineering is suggested to implement complicated biological reactions by the in vitro
assembly of numerous (purified) enzymes or cell extracts. Woodward and his co-workers
demonstrated to produce 11.6 moles of hydrogen from one mole of glucose-6-phosphate
[14] but high cost of the substrate stops its potential production (e.g., no patent disclosure
was filed). Later, Zhang and his coworkers proposed to utilize the 1,4-glycosidic bond
energy stored between two anhydroglucose units of polysaccharides (e.g., starch and
cellodextrins) mediated by phosphorylases plus inter-recycled phosphate ions for
producing glucose-6-phopshate without costly ATP [15,16]. As a result, nearly 12 moles
of hydrogen was produced from per glucose unit of polysaccharides [15,16]. However,
one mole of glucose unit per mole of polysaccharides cannot be utilized. When the
degree of polymerization of polysaccharides or oligosaccharides is small, a significant of
hexose cannot be utilized for hydrogen production. It is essential to produce high-yield
hydrogen from monomeric hexoses without the use of costly ATP.

Sucrose is a disaccharide via an ether bond between C1 on the glucosyl subunit and C2
on the fructosyl unit. It is the most abundant disaccharide and approximately 168 million
metric tons was produced from sugarcane, sugar beets, sorghum and so on in 2011[17].
Although its price varied greatly by several fold in the past 10 years [18], sucrose is
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among the cheapest fermentative sugars so that Brazil is producing a large amount of the
least costly ethanol from sucrose. The hydrogen production from sucrose could be the
most affordable way to produce high-speed biohydrogen in the near future.

In this study, we design a novel cell-free enzymatic pathway comprised of 15 enzymes
that can convert sucrose including glucose and fructose to 24 moles of hydrogen without
costly ATP for the first time. Also, the maximum hydrogen generation rate was enhanced
by fed-batch experiments.
Materials and method
Chemicals and strains
All chemicals were regent grade, purchased from Sigma-Aldrich (St. Louis, MO) and
Fisher

Scientific

(Pittsburgh,

PA),

unless

otherwise

noted.

Avicel

PH105,

microcrystalline cellulose, was purchased from FMC (Philadelphia, PA). The T. maritima
(ATCC 43589) genomic DNA was purchased from the American Type Culture
Collection (Manassas, VA). E. coli BL21 Star (DE3) (Invitrogen, Carlsbad, CA)
containing a protein expression plasmid was used for producing the recombinant protein.
The Luria-Bertani (LB) medium was used for E. coli cell growth and recombinant protein
expression supplemented with 100 μg/mL ampicillin or 50 ug/mL kanamysin. The
oligonucleotides were synthesized by Integrated DNA Technologies (Coraville, IA).
Xylose isomerase (G4166) from Streptomyces murinus and sucrose phosphorylase
(S0937) from Leuconostoc mesenteroides was purchased from Sigma. Hydrogenase SH1
from Pyrococcus furiosus was provided by Dr. Michael Adams [19].
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Plasmids construction
The plasmids used are summarized in Table 1. Plasmid pET20b-ttc-ald, pET20b-ttc-tk,
and pET20b-tm-ru5pe whose expression cassette contains each gene were constructed by
the simple cloning method [20]. The other plasmids were described elsewhere.
The 918-bp DNA fragment containing the open reading frame (ORF) of the
fructose-bisphosphate aldolase (TTC1414) was amplified by PCR from the genomic
DNA of Thermus thermophilus HB27 using a pair of primers (forward primer:5’TAACTTTAAGAAGGAGATATACATATGCTGGTAACGGGTCTAGAGATCT-3’;
reverse primer: 5’-AGTGGTGGTGGTGGTGGTGCTCGAGAGCCCGCCCCACGGAG
CCGAAAAGC-3’). The vector backbone of pET20b was amplified by PCR using a pair
of primers (forward primer: 5’- GCTTTTCGGCTCCGTGGGGCGGGCTCTCGAGCA
CCACCACCACCACCACT - 3’; reverse primer:5’-AGATCTCTAGACCCGTTACCAG
CATATGTATATCTCCTTCTTAAAGTTAA -3’).
The 1956 -bp DNA fragment containing the ORF of the transketolase
(TTC1896) was amplified by PCR from the genomic DNA of Thermus thermophilus
HB27 using a pair of primers (forward primer:5’- TTAACTTTAAGAAGGAGATATAC
ATATGAAGGAGACGCGGGACCTAGAGA-3’; reverse primer:5’-GATCTCAGTGGT
GGTGGTGGTGGTGCACCAGGGAGAGGAAGGCCTCCGCC-3’).

The

vector

backbone of pET20b was amplified by PCR using a pair of primers (forward primer: 5’GGCGGAGGCCTTCCTCTCCCTGGTGCACCACCACCACCACCACTGAGATC-3’;
reverse primer: 5’- TCTCTAGGTCCCGCGTCTCCTTCATATGTATATCTCCTTCTT
AAAGTTAA -3’).
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The 663-bp DNA fragment containing the open reading frame (ORF) of the
ribulose-phosphate 3-epimerase (TM1718) was amplified by PCR from the genomic
DNA of Thermus thermophilus HB27 using a pair of primers (forward primer:5’TTAACTTTAAGAAGGAGATATACATATGGTGAAAATAGCAGCTTCAATTC -3’;
reverse primer: 5’- AGTGGTGGTGGTGGTGGTGCTCGAGGTCAGCAAATTCCTCT
CTTTCCTGT -3’). The vector backbone of pET20b was amplified by PCR using a pair
of primers (forward primer: 5’- ACAGGAAAGAGAGGAATTTGCTGACCTCGAGC
ACCACCACCACCACCACT - 3’; reverse primer:5’-GAATTGAAGCTGCTATTTTCA
CCATATG TATATCTCCTTCTTAAAGTTAA -3’).
The PCR products were purified using the Zymo Research DNA Clean& Concentrator
Kit (Irvine,CA).With the newly developed restriction enzyme-free, ligase-free and
sequence-independent Simple Cloning technique [20], the insertion fragment and vector
backbone were assembled by prolonged overlap extension PCR, and the PCR product
was directly transformed into E. coli TOP10 cells, yielding the plasmid pET20b-ttc-ald,
pET20b-ttc-tk, and pET20b-Tm-rpe. The each plasmid was transformed into the strain E.
coli BL21 (DE3) for the protein expression.
Recombinant protein expression and purification
For the preparation of recombinant proteins: two hundred milliliters of the LB culture
containing 50 ug/mL of kanimysin or 100 ug/mL of ampicilin in 1-L Erlenmeyer flasks
was incubated with a rotary shaking rate of 250 rpm at 37 oC. When the absorbance
(A600) reached ca. 0.6 - 1.2, the recombinant protein expression was induced by adding
isopropyl-β-D-thiogalactopyranoside (IPTG) (0.01 - 0.1 mM, final concentration). The
culture was incubated at 37 oC for 4 h or at 18 oC for 20 h. The cells were harvested by
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centrifugation at 4 oC, washed twice by 50 mM of Tris-HCl buffer (pH 7.5), and resuspended in a 15 mL of 30 mM Tris-HCl buffer (pH 7.5) containing 0.5 M of NaCl and
1 mM of EDTA. The cell pellets were lysed by Fisher Scientific Sonic Dismembrator
Model 500 (5-s pulse on and off, total 360 s, at 20% amplitude) in an ice bath. After
centrifugation, the target proteins were purified through several methods, such as His-tag
purification, CBM-intein self cleavage or ethylene glycol elution of CBM-tagged
enzyme, and heat treatment. The His-tagged proteins G6PDH, 6PGDH, TK, and TAL
were purified by Ni-charged resin (Bio-Rad, Profinity IMAC Ni-Charged Resin). The
PGM, FBP, PGI, CBM-PPGK were purified by intein self cleavage method or ethylene
glycol elution from the fusion protein CBM-intein-PGM [21], CBM-intein-FBP [22],
CBM-intein-PGI [23], and CBM-PPGK [24], respectively. R5PI, Ru5PE, TIM and ALD
were purified by heat precipitation at 80oC for 20 min.
Enzyme activity assays
Thermobifida fusca CBM-PPGK activity was measured based on the generation
of glucose 6-phophate from polyphosphate and glucose in a 50-mM HEPES buffer (pH
7.5) containing 4 mM MgCl2, 5 mM D-glucose, and 1 mM polyphosphate at 50°C for 5
min. [24]. The specific activity of CBM-PPGK was 55 U/mg at 37 oC.
Clostridium thermocellum PGM activity was measured in a 50 mM HEPES
buffer (pH 7.5) containing 5 mM glucose 1-phosphate, 5 mM MgCl2 and 0.5 mM MnCl2
at 37 oC for 5 min [21]. The specific activity of PGM was 260 U/mg at 37 °C.
Geobacillus stearothermophilus G6PDH activity was measured in 100 mM
HEPES buffer (pH 7.5) containing 5 mM MgCl2 and 0.5 mM MnCl2, 2 mM glucose 6phosphate and 0.67 mM NADP+. The increase in absorbance at 340 nm was measured in
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5 min and the specific activity was 1.1 U/mg at 37 °C [25].
Morella thermoacetica 6PGDH activity was measured in a 50 mM HEPES buffer
(pH 7.5) containing 2 mM 6-phosphogluconate, 1 mM NADP+, 5 mM MgCl2, 0.5 mM
MnCl2, at 37°C for 5 min [25,26]. The reaction product NADPH was measured at 340 nm
and the specific activity was 15 U/mg.
T. maritime RPI activity was assayed by a modified Dische’s cysteine–carbazole
method. Its specific activity was 190 U/mg at 37 °C [27].
T. maritima RPE activity was determined on a substrate D-ribulose 5-phosphate
as described previously [28]. The specific activity of Ru5PE was 1.42 U/mg at 50 °C.
Thermus thermophilus TK activity assay was measured on the substrates of Dxylulose 5-phosphate and D-ribose 5-phosphate. The reactions were carried out in a 50
mM Tris/HCl pH 7.5 buffer containing 0.8 mM D-xylulose 5-phosphate, 0.8 mM Dribose 5-phosphate, 15 mM MgCl2, 0.03 mM thiamine pyrophosphate, 0.14 mM NADH,
60 U/mL of TIM and, 20 U/mL of glycerol 3-phosphate dehydrogenase [28]. The
specific activity of TK was 1.3 U/mg at 25 oC.
T. maritime TAL activity assay was carried as reported previously [29] and it has
a specific activity of 13 U/mg at 37 °C.
Thermus thermophilus TIM activity was measured in 100 mM HEPES pH 7.5
containing 10 mM MgCl2, 0.5 mM MnCl2 at 60°C for 5 min containing 2 mM Dglyceraldehyde 3-phosphate [30]. The reaction was stopped with HClO4 and neutralized
with KOH. The product dihydroxyacetone phosphate was measured by using glycerol 3phosphate dehydrogenase in the presence of 0.15 mM NADH at 25 °C [30]. The specific
activity at these conditions was 870 U/mg at 60 oC.
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Thermus thermophilus ALD was assayed in n 100 mM HEPES pH 7.5 containing
10 mM MgCl2, 0.5 mM MnCl2 at 60°C for 5 min with 2mM of D-glyceraldehyde 3phosphate in presence of TIM, FBP, and PGI. The reaction was stopped with HClO4 and
neutralized with KOH [30]. The product glucose 6-phosphate was analyzed at 37°C with
liquid glucose reagent set (Pointe scientific). The specific activity of ALD was 36 U/mg
at 60 oC.
T. maritime FBP activity was determined based on the release of phosphate and
its spectific activity of FBP at 37 °C was 6 U/mg [22].
Clostridium thermocellum PGI activity was assayed at 37 °C in 100 mM HEPES
(pH 7.5) containing 10 mM MgCl2 and 0.5 mM MnCl2 with 5 mM fructose 6-phosphate
as substrate [23]. After three minutes the reaction was stooped with HClO4 and
neutralized with KOH. The product glucose 6-phosphate was analyzed at 37°C with
liquid glucose reagent set (Pointe scientific). The specific activity of PGI at 37 °C was
500 U/mg.
Preparation of enzyme cocktail
The reaction buffer was 100 mM HEPES (pH 7.5) contained 4 mM NADP+, 0.5 mM
thyamine pyrophosphate, 10 mM MgCl2 and 0.5 mM MnCl2. The concentrations of
sucorse, phosphate, polyphosphate ((Pi)6, sodium hexametaphosphate) were 2 mM, 4 mM
and 4 mM, respectively. The enzyme loading were added as shown in Table 1. First 10
mg of immobilized XI per 1 mL of the reaction volume were placed in the reaction vessel
following by addition of all enzymes, cofactor, Pi, and (Pi)6. For protection of microbial
growth 50 ug/mL of kanimysin was added as an antibiotic. To start the reaction, sucrose
was added. The reactor was sealed and the magnetic agitation was started, as well as the
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flow of nitrogen and data acquisition. When the oxygen inside the reactor was completely
evacuated, the hydrogen production started. During the whole experiment temperature,
carrier gas flow, and hydrogen signal were monitored. For increasing of dihydrogen rate
three different concentrations of sucrose was continually conducted at same reactor.
Sucrose concentration (i.e., 4, 10, and 50 mM) was increased in stages when the
maximum dihydrogen rate was reached. Pi (i.e., 4, 10, and 40 mM) and (Pi)6 (i.e., 4, 10,
and 20 mM) was also added according to the sucrose concentration.
System for hydrogen detection
The experiments were carried out in a continuous flow system, which was purged with
ultrapure nitrogen (Airgas) [15,16]. Dihydrogen evolution was detected with a tin oxide
thermal conductivity sensor (Figaro TGS 822, Osaka, Japan) that was previously
calibrated with an in-line flow-controllers and ultrapure hydrogen (Airgas). The working
volume of the reactor was kept constant by humidifying the carrier gas and controlling
the rate of condensation. The temperature of the reactor was controlled at 37 °C (Thermo
Scientific, NESLAB RTE) and the temperature of the condenser was 20°C, which were
controlled by recirculation thermal baths of distilled water (Fisher Scientific, Isotemp
Refrigerated Circulator Bath Model 3016D). Data collection was conducted by Nimodule NI USB-6210 (National Instruments Corp., Austin TX) and analyzed by
LabView SignalExpress 2009 (National Instruments Corp., Austin TX).
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Other assays
Mass concentration of soluble protein was measured by the Bio-Rad modified Bradford
protein kit with bovine serum albumin as a standard protein. 12-15 % SDS-PAGE was
performed in the Tris–glycine buffer as described elsewhere.
Results
Synthetic pathway design
We design a novel the synthetic enzymatic pathway for water splitting powered by
sucrose (Fig. 1). Sucrose is usually hydrolyzed to glucose and fructose mediated by
sucrase so that the bond energy among fructose and glucose is dissipitated in the
hydrolysis. To decrease potential use of phosphoryl group donors, sucrose in the presence
of phosphate is phosphorylized to frustoce and glucose-1-phosphate mediated by sucrose
phosphorylase (EC 2.4.1.7). Fructose is isomerized to glucose mediated by glucose
(xylose) isomerase (EC 5.3.1.5). To phosphoylize glucose without ATP, a
polyphosphate-strict glucokinase (EC 2.7.1.63) is used to convert glucose to glucose-6phosphate by transferring a terminal phosphate group from polyphosphate [24]. At the
same time, glucose-1-phosphate generated by sucrose phosphorylase is converted to
glucose-6-phosphate. As a result, one molecule of sucrose can generate two moles of
glucose-6-phosphate at a cost of one phosphoryl group donored from polyphosphate.
Through

two

cascade

enzymes:

glucose-6-phosphate

dehydrogenase

and

6-

phosphogluconate dehydrogenase, water and glucose-6-phosphate can generate two
NADPH, ribulose-5-phosphate and one CO2. Then ribulose-5-phosphate plus 1/6 water
can be regenerated back to 5/6 glucose-6-phosphate through the non-oxidative pentose
phosphate pathway and glucogenesis pathway containing 10 enzymes. When the 15
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enzymes are put in aqueous reactants containing sucrose and polyphosphate in one
vessel, fourteen moles of water can be splitted into 24 moles of dihydrogen and 12 moles
of CO2 powered by one mole of sucrose as the below equation

14 H2O (l) + C12H22O11 (aq) + (Pi)n  24 H2 (g) + 12 CO2(g) + (Pi)n-1 + Pi

Where polyphosphate is a very low-cost phosphate donor with a degree of polymerization
ranging from several or up to thousands because it can be produced from lowconcentration phosphate-containing waste water by using polyphosphate-accumulating
microorganisms [31].

Preparation of building blocks
Twelve recombinant thermophilic enzymes were expressed in E. coli BL 21(DE3) and
purified through several methods (Table 1) except that sucrose phosphorylase and xylose
isomerase were purchased from Sigma-Aldrich and a non-membrane hydrogenase was
isolated from a hyperthermophilic archaeon Pyrococcus furiosus [19]. In our previous
study pertaining to the biohydrogenation of biomass sugars [28], two enzymes: #9
enzyme transketolase and #12 enzyme aldolase from T. maritima had very low specific
activities of 0.21 U/mg at 25 oC and 1.32 U/mg at 60 oC, respectively, resulting in very
high mass loadings. By using bioinformatics tools for sequence comparison and
estimation of recombinant protein expression in E. coli, we discovered two high-activity
enzymes: transketolase and aldolase from Thermus thermophilus HB27. Both enzymes
were expressed well in E. coli BL21 (DE3). They exhibited 6 times and 20 times those
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from T. maritima, respectively, suggesting great likelihood of the discovery of highactivity enzymes from exploding genome database for in vitro synthetic biology projects.

The four enzymes (i.e., # 7, 8, 11, and 12) were purified by using heat precipitation at 80
o

C for 20 min; the four enzymes (i.e., #5, 6, 9, and 10) were purified by using their His-

tag on nickel-charged resin; the other four enzymes (i.e., # 3, 4, 13, and 14) containing
cellulose-binding module (CBM) tag were purified through adsorption on a cellulosic
material followed by intein self-cleavage or ethylene glycol elution. The details of
recombinant enzyme sources, purification methods, and specific activities are present in
Table 1. SDS-page analysis of the purified recombinant enzymes was shown in Figure 2.

Water splitting powered by sucrose
To validate the synthetic pathway design for dihydrogen production powered by sucrose,
the fifteen enzymes (Table 1) were put into a bioreactor at 37 oC and 1 atm, where every
enzyme loading of #1-6 was 5 U/mL and that of the other enzymes was 1 U/mL each.
When the initial sucrose concentration was 2 mM, dihydrogen evolved as expect (Fig. 3).
The hydrogen generation rate increased rapidly until hour 7.2. The maximum dihydrogen
rate was 2.98 mmole of H2 per liter per hour. Thanks to the substrate consumption, the
hydrogen reaction rate decreased over time. In a 100-hour batch reaction, the integrative
hydrogen yield was 96.7%, i.e., 23.2 mole of dihydrogen per mole of sucrose (Fig. 3). It
was important to wash commercial sucrose phosphorylase before its use because sucrose
phosphorylase contained sucrose. The above experiments of water splitting powered by
sucrose were repeated at least three times. The standard deviations of the final hydrogen
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yields and maximum hydrogen rates were less than 3% and 10%, respectively. When
sucrose concentration increased from 2 to 10 mM at the same enzyme loading at 37 oC ,
the maximum hydrogen reaction rate was increased by 2.46 fold from 3.14 to 8.14
mmole/L/h (Fig. 4). When sucrose concentration increased to 50 mM, the maximum
reaction rate was 9.74 mmole/L/h.
Discussion
Hydrogen production rate through photosynthesis was essential to its potential industrial
scale-up. Solar energy is not really free by considering potential costs for its harvesting,
conversion, concentration, and collection [32]. The average energy density of solar
energy is approximately 200 W/m2 and the expected achieved solar-energy-to-hydrogen
efficiency are approximately 10%, resulting in the maximum hydrogen generation rate of
approximately 20 W/m2 regardless of natural photosynthesis [33] or artificial
photosynthesis . Although hydrogen can be easily separated from the aqueous reaction,
such low hydrogen generates rate means very large areas for hydrogen generation
associated with high capital investment. Because sucrose produced from plant
photosynthesis is regarded as a concentrated renewable chemical energy, water splitting
powered by sucrose or other carbohydrate enabled much faster reaction rate. Water
splitting powered by sugars is independent of insolation variations. Compared to ethanol
fermentation, the energy generation rate of enzymatic hydrogen was 1.5 times that of
ethanol fermentation (i.e., 1 g of ethanol per hour per liter). It is expected that enzymatic
hydrogen generation rates will be further accelerated greatly by increasing temperature,
optimizing enzyme loading and ratios, discovery of more high-activity enzyme building
blocks and biocatalytic module (Table 2). High-speed hydrogen production powered by
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sugars along with independence of environmental changes suggests its great potentials in
large scale industrial production in the future.

One of most important features in cell-free biosystems is great engineering flexibility –
enzymatic building blocks from different sources can be easily assembled together and
most of them are highly exchangeable [34]. Previous enzymatic hydrogen experiments
were achieved by cocktailing enzymes isolated from rabbit, spinach, archaebacterium,
yeast and E. coli [14,16]. Here we replaced nearly all enzymes with recombinant
thermophilic enzymes produced in E. coli. Such enzymes are standardized building
blocks so that they worked together while not impairing product yields. In this study, the
newly discovered ALD from T. thermophilus was 20 times the previously used one from
T. maritime. As a result, this replacement saved ~29% of proteins in the total protein load
(i.e., 6.8 g/L). It meant that there is great potential in enzyme cost saving through the
discovery or engineering high-activity enzyme building blocks.

The slow reaction rates are another important obstacle in cell-free synthetic biology fields.
In cell-free biosystems, the obstacles can be solved through high reaction temperatures by
the use of thermophilic enzymes, optimization of enzyme components by kinetic
modeling, high enzyme or substrate loading, metabolic flux analysis, and metabolic
control analysis [35]. Specifically, thermophilic enzymes can increase reaction rates
because the use of thermophilic enzymes could be useful in high reaction temperatures
and high reaction temperature may be also useful in mixing, causing a decrease in the
viscosity of liquids which may allow for higher concentrations of low solubility materials
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[21,26,36]. The mass transfer rate is also increased at higher temperatures. Optimization
of enzyme ratio can also increase the reaction rates by alleviating rate-limited reactions.
Since cell-free enzymatic reactions do not contain other macromolecules (such as protein,
RNA, DNA, membrane), it is feasible to increase reaction rates by adding more enzymes
and substrate.
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Figure 1. Synthetic enzymatic pathway for dihydrogen production from sucrose. The enzymes
are #1 SP, sucrose phosphorlyase; #2 XI, xylose isomerase; #3 PPGK, polyphosphate glucokinase
(PPGK); #4 PGM, phosphoglucomutase; #5, G6PDH, glucose-6-phosphate dehydrogenase; #6
6PGDH, 6-phosphogluconate dehydrogenase; #7, RPI, ribose 5-phosphate isomerase; #8, RPE,
ribulose-5-phosphate 3-epimerase; #9 TK, Transketolase; #10 TAL, transaldolase; #11 TIM,
triose phosphate isomerase; #12 ALD, (fructose-bisphosphate) aldolase; #13 FBP, fructose
bisphosphatase; #14 PGI, phosphoglucose isomerase; and #15 H2ase, hydrogenase. Pi and (Pi)n
are inorganic phosphate and polyphosphate with a degree of polymerization of n.
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Figure 2. SDS-PAGE analysis of the 11 purified thermophilic enzymes from #3 to #14.
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Figure 3. The profile and yield of dihydrogen generation from 2 mM sucrose, 4 mM Pi
and (Pi)6 at 37 oC. The reaction buffer was 100 mM HEPES (pH 7.5) containing 4 mM
NADP+, 0.5 mM thiamine pyrophosphate, 10 mM MgCl2 and 0.5 mM MnCl2, along with
the fifteen enzymes.
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Figure 4. The maximum dihydrogen rate and their profile of dihydrogen generation at 37
o

C. The reaction was continually conducted by increasing sucrose concentrations in a fed-

bath reaction. The first reaction was conducted with 2 mM sucrose, 4 mM Pi and 4 mM
(Pi)6. The second reaction was conducted with 10 mM sucrose, 10 mM Pi and 10 mM
(Pi)6. The last reaction was conducted with 50 mM sucrose, 40 mM Pi and 20 mM (Pi)6
The reaction buffer was 100 mM HEPES (pH 7.5) containing 4 mM NADP+, 0.5 mM
thiamine pyrophosphate, 10 mM MgCl2 and 0.5 mM MnCl2, along with the fifteen
enzymes.
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REE, GsG6PDH
REE, Moth1283
REE, Tm1080
REE, Tm1718
REE, Ttc1896

EC 1.1.1.49
EC 1.1.1.44
EC 5.3.1.6
EC 5.1.3.1
EC 2.2.1.1
EC 2.2.1.2

Transaldolase (TAL)

REE, Tm0295

REE, Cthe1265

EC 5.4.2.2

pET28a(+)-tal

pET20b-ttc-tk

pET20b-tm-rpe

pET33b-moth6pgdh
pET20b-r5pi

pGsG6PDH

pCI-cthe-pgm

pCBM-ppgk

N/A

N/A

Plasmid name

His-tag

Heat
precipitant
Heat
precipitant
His-tag

His-tag

CBM-intein
self cleavage
His-tag

CBM-tag

Sigma

Sigma

Purificationb

1.4 at 50 °C
0.57c at 37 °C
1.3 at 25 °C
3.0c at 37 °C
13 at 37 °C

190 at 37 °C

11 at 23 °C
2.9c at 37 °C
15 at 37 °C

260 at 37 °C

Sp. Act.
(U/mg)
45 at 25 °C
100c at 37 °C
0.35 at 25 °C
0.80c at 37 °C
55 at 37 °C

1

1

1

1

5

5

5

5

5

Load
(U/mL)
5

[29]

This study

This study

[27]

[26]

[25]

[21]

[24]

-

-

11
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Triose phosphate
EC 5.3.1.2
REE, Ttc0581
pET33b-ttc-tim
Heat
870 at 60 °C
1
[30]
isomerase (TIM)
precipitant
180c at 37 °C
EC 4.1.2.13
REE, Ttc1414
pET20b-ttc-ald
Heat
36 at 60 °C
1
This study
12 Fructose-bisphosphate
aldolase (ALD)
precipitant
7.3c at 37 °C
EC 3.1.3.11
REE, Tm1415
pCI-tm-fbp
CBM-intein
6.0 at 37 °C
1
[22]
13 Fructose bisphosphatase
(FBP)
self cleavage
REE, Cthe0217
pCI-ttc-pgi
CBM-intein
500 at 37 °C
1
[23]
14 Phosphoglucose isomerase EC 5.3.1.9
(PGI)
self cleavage
EC 1.12.1.3
P. furiosus
N/A
Strep-tagII
0.5 at 37 oC
1
[19]
15 Hydrogen dehydrogenase
(H2ase)
a. REE, recombinant expression in E. coli; ORF, open reading fragment; Tfu, Thermobifida fusca; Cthe, C. thermocellum; Ttc, T. thermophilus HB27; Moth,
M. thermoacetica; Gs, Geobacillus stearothermophilus
b. His-tag, purified by His-tag of recombinant protein binding with nickel resin; Sigma, purchased from Sigma; CBM-tage, purification by CBM binding with
RAC followed by ethylene glycol elution method; CBM-intein, purified by CBM binding with RAC followed by self cleavage of intein; Strep-tagII,
purification by the recombinant enzyme containing the Strep-tagII using a StrepTactin column.
c. Estimated specific activity at 37 °C by the Q10 effect (i.e., most enzymatic reaction rates double every 10 °C increase).

10

9

8

7.

6.

5.

4

REE, Tfu1811

S. murinus

EC 5.3.1.5
EC 2.7.1.63

3

L. mesenteroides

Source/(ORF)a

Enzyme
catalog
EC 2.4.1.7

Polyphosphate
glucokinase (PPGK)
Phosphoglucomutase
(PGM)
Glucose-6-phosphate
dehydrogenase (G6PDH)
6-phosphogluconate
dehydrogenase (6PGDH)
Ribose-5-phosphate
isomerase (RPI)
Ribulose-phosphate 3epimerase (RPE)
Transketolase (TK)

Sucrose phosphorylase
(SP)
Xylose isomerase (XI)

1

2

Enzymes

#

Table 1. Complete list of enzymes and their properties for the loading to generation of dihydrogen from sucrose.

Table 2. Summary of enzymatic dihydrogen production rates and yields.
Substrate

Conc.

Temp.
o

Vmax of H2

Yield

Ref.

(mM)

( C)

(mmole/L/h)

(%)

Glucose 6-phosphate

2

30

0.21

96.7

[14]

Glucose 6-phosphate

2

30

0.73

70.0

[16]

Starch

1

30

0.48

43.0

[16]

Cellobiose

2

32

0.48

93.3

[15]

Cellopentaose

8

32

3.92

67.7

[15]

Xylose

2

50

2.23

96.0

[37]

Sucrose

2

37

2.98

96.7

This study

Sucrose

10

37

8.14

N/A

This study

Sucrose

50

37

9.74

N/A

This study
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CHAPTER 7

CONCLUSIONS

Summary and conclusions
For the successful development of cell-free biosystems for biomanufacturing, it is
necessary to overcome several obstacles: high costs associated with enzyme production,
instability of enzymes, high costs of protein purification and enzyme immobilization,
costly labile cofactors, complicated process operations, and slow reaction rates. This
dissertation consisted of five projects: development of building blocks, immobilization of
enzymes, stabilization of cascade enzymes, and generation of hydrogen for the
development of a cell-free biosystem for low-cost hydrogen production from biomass
sugars.

The fructose 1,6-bisphosphatase gene from a hyperthermophilic bacterium Thermotoga
maritime was successfully cloned, and the recombinant protein as a building block for
cell-free biosystems produced in E. coli, purified and characterized. This enzyme was
very stable at its suboptimal temperatures, with half-life times of ca. 1330 hours and
estimated total turn-over number 2.05 X 107 (mol product/mol enzyme) at 60 oC. The
substrate fructose 1,6-bisphosphate was not stable at high temperatures, especially at high
pHs. In order to obtain a high-yield of desired products, over-addition of the enzymes for
converting easily degraded metabolites should be important to prevent metabolite loss for
in vitro synthetic pathway design. Along with the previously obtained therophilic
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enzymes, it suggested that the discovery of thermostable building blocks from (hyper)
thermophiles are very operative. Also, we suggest that the degradation of labile
metabolites in synthetic pathways can be addressed either by over-addition of the
respective enzymes or construction of the enzyme complex.

One-step simple enzyme purification and immobilization was developed by adsorbing a
family 3 cellulose-binding module (CBM)-tagged protein by using the low-cost ultrahigh capacity adsorbent regenerated amorphous cellulose (RAC). Phosphoglucose
isomerase (PGI) from a thermophilic bacterium Clostridium thermocellum was cloned
and the recombinant proteins with or without CBM were over-expressed in E. coli.
Immobilized CBM-PGI on RAC was extremely stable at 60 oC, nearly independent of its
mass concentration in bulk solution. The results suggest that a combination of low-cost
enzyme immobilization and thermoenzyme led to an ultra-stable enzyme building block
suitable for cell-free biosystems for biomanufacturing that can implement complicated
biochemical reactions in vitro.

A simple low-cost purification method of thermophilic enzymes was developed by a
combination of heat treatment and ammonium sulfate precipitation and the stability of
thermo-labile enzyme was greatly enhanced in the presence of other enzymes, possibly
due to in vitro macromolecule crowding effects. To validate the macromolecular
crowding effect on stability, the four recombinant enzymes for cascade reactions were
studied: triose phosphate isomerase (TIM) from Thermus thermophiles, fructose
bisphosphate aldolase (ALD) from Thermotoga maritima, fructose bisphosphatase (FBP)
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from T. maritima, and phosphoglucose isomerase (PGI) from Clostridium thermocellum.
The free PGI was not stable while its stability was greatly enhanced in the presence of
other enzymes possibly due to in vitro macromolecule crowding effects. This synergic
stability effect induced by a number of enzymes could be very useful in cell-free
biosystems for biomanufacturing.

Cellulose-containing magnetic nanoparticles were prepared for the immobilization of
CBM-tagged enzyme/protein or the metabolon. Avicel (microcrystalline cellulose)containing magnetic nanoparticles (A-MNPs), dextran-containing magnetic nanoparticles
(D-MNPs) and magnetic nanoparticles (MNPs) were prepared and then their adsorption
abilities were investigated by using cellulose-binding module (CBM)-tagged green
fluorescence protein and PGI. Although A-MNPs exhibited a higher adsorption capacity,
they did not negatively influence the activity of immobilized enzymes, and retained more
enzyme activity after washing, compared to MNPs and D-MNPs because of the selective
affinity binding between cellulose and CBM. The synthetic three-enzyme matabolon
comprised of TIM, ALD, and FBP was self-assembled on the surface of A-NMPs
because of high-affinity interactions between cohesins and dockerins. Substrate
channeling among the synthetic metabolon immobilized on the surface of A-NMPs could
not only increase cascade reaction rates greatly but also decrease enzyme cost in cell-free
biosystems. The use of enzymes immobilized on A-MNPs could be very useful to control
the On/Off of cascade enzymatic reactions.
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Dihydrogen was produced from low-cost sucrose and water at 37 oC in a batch reaction
containing fifteen enzymes comprising a non-natural synthetic pathway. The rate and
yield of dihydrogen production were 2.98 mmoles of H2 per liter per hour and 96.7 %
compared to theoretical yield, respectively. The maximum rate of dihydrogen production
was increased 3.1 fold when substrate concentration was increased from 2 to 50 mM in a
fed-batch reaction. These findings suggest that cell-free biosystems comprising cascade
enzymes might prove useful for the generation of low-cost dihydrogen from sucrose and
that cell-free biosystems have potential enhancements of the rate for dihydrogen
production by changing of reaction conditions, such as enzyme concentration, reaction
temperature, and substrate concentration.

Perspectives
The research and development of cell-free biosystems for biomanufacturing require more
efforts, especially in discovery and utilization of low-cost and high-activity recombinant
thermostable enzymes as building blocks, efficient cofactor recycling, enzyme and
cofactor stabilization, and fast reaction rates. Currently, producing biocommodities and
bioelectricity through the cell-free biosystems is relatively costly. However, it will
become ultra-low-cost with intensive efforts in thedevelopment of cell-free biosystems.
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