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a b s t r a c t

Hydrogen is one of the most important industrial chemicals and will be arguably the best fuel in the future.
Hydrogen production from less costly renewable sugars can provide affordable hydrogen, decrease reliance on
fossil fuels, and achieve nearly zero net greenhouse gas emissions, but current chemical and biological means
suffer from low hydrogen yields and/or severe reaction conditions. An in vitro synthetic enzymatic pathway
comprised of 15 enzymes was designed to split water powered by sucrose to hydrogen. Hydrogen and carbon
dioxide were spontaneously generated from sucrose or glucose and water mediated by enzyme cocktails
containing up to15 enzymes under mild reaction conditions (i.e. 37 1C and atm). In a batch reaction, the
hydrogen yield was 23.2 mol of dihydrogen per mole of sucrose, i.e., 96.7% of the theoretical yield (i.e., 12
dihydrogen per hexose). In a fed-batch reaction, increasing substrate concentration led to 3.3-fold enhancement
in reaction rate to 9.74 mmol of H2/L/h. These proof-of-concept results suggest that catabolic water splitting
powered by sugars catalyzed by enzyme cocktails could be an appealing green hydrogen production approach.

& 2014 International Metabolic Engineering Society. Published by Elsevier Inc. All rights reserved.

1. Introduction

Concerns about the depletion of fossil fuels and accumulation
of greenhouse gases motivate the use of renewable energy sources
and enhanced energy utilization efficiencies. Hydrogen is widely
believed to be one of the best future energy carriers and energy
storage compounds, especially in the hypothetical hydrogen econ-
omy, mainly because of higher energy conversion efficiencies
through fuel cells and fewer pollutants generated in end users.
Full development of the hydrogen economy requires break-
throughs in hydrogen production, storage, transportation and
distribution (Armaroli and Balzani, 2011; Zhang, 2009). Also,
hydrogen, which is mainly produced from natural gas, is one of
the most important chemical commodities used for making
fertilizers and refining liquid transportation fuels (Armaroli and
Balzani, 2011; Navarro et al., 2007). The future of energy chains
depends on innovative breakthroughs in the design of cheap,
sustainable, and efficient systems for the harvesting, conversion,
and storage of renewable energy sources, such as solar energy and
carbohydrates (Artero et al., 2011).

Sunlight-driven water splitting for the production of hydrogen
through artificial photosynthesis can be implemented by using natural
photosynthetic systems, namely hydrogenases and photosystem II
(Barber and Tran, 2013; Ducat et al., 2011; Wang et al., 2012; Wells et
al., 2011); artificial photosynthetic systems based on photosensitizers/
semiconductors/photocatalysts (Artero et al., 2011; Mubeen et al.,
2013); and their hybrids (Iwuchukwu et al., 2009). Because solar
energy is intermittent, broad wavelength electromagnetic radiation
with an average energy concentration of �170W/m2, great chal-
lenges result from solar energy harvesting, high-efficiency conversion
under different strength insolations, and gaseous product collection
from large-surface solar energy harvesting systems (Barber and Tran,
2013). Therefore, technologies for water splitting powered by direct
solar energy are still far from practical applications (Armaroli and
Balzani, 2011; Artero et al., 2011; Esswein and Nocera, 2007).

In vitro metabolic engineering or cell-free metabolic engineering
has been used to understand complicated cellular metabolisms
(Hodgman and Jewett, 2012; Jung and Stephanopoulos, 2004;
Zhang, 2010). Recently, it is under investigation for its manufacturing
potentials (Hodgman and Jewett, 2012; Rollin et al., 2013; Swartz,
2013), such as the synthesis of special proteins (Goerke et al., 2008;
Hodgman and Jewett, 2012) and high-value polysaccharides (Xu et al.,
2011), as well as the production of biofuels and bioelectricity (Guterl
et al., 2012; Krutsakorn et al., 2013; Martín del Campo et al., 2013; Zhu
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et al., 2014), biochemicals (Bujara et al., 2011; Korman et al., 2014;
Wang et al., 2011), and even potential food/feed (You et al., 2013).
in vitro metabolic engineering feature several compelling biomanu-
facturing advantages, such as high product yields without the forma-
tion of by-products or the synthesis of cell mass; fast reaction rates
without cell membrane (Hodgman and Jewett, 2012; Zhu et al., 2014);
the tolerance of toxic products or substrates (Guterl et al., 2012; Wang
et al., 2011); broad reaction conditions such as high temperature, low
pH, the presence of organic solvents or ionic liquids (Panke et al.,
2004); easy product separation; the implementation of non-natural
reactions, for example, enzymatic transformation of cellulose to starch
(You et al., 2013); among others.

Sucrose is the primary product of plant photosynthesis and then
converted to other plant components. Sucrose is a disaccharide
composed of glucose linked to fructose 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 beet, sorghum, and so on, in 2011 (Qi
et al., 2014). Although its price varied greatly by several folds in the
past 10 years (Qi et al., 2014), sucrose is among the cheapest
fermentable sugars. When feedstock cost is considered only, hydrogen
production from sucrose might be more cost competitive than from
starch. For example, Brazil produces the lowest-cost ethanol compared
to ethanol produced from starch and lignocellulosic biomass sugars.

Water splitting powered by sugars instead of insolation is promis-
ing due to potentially high reaction rates and easy product collection
and separation. However, natural and metabolically engineered
hydrogen-producing microorganisms cannot produce high-yield
hydrogen from sugars due to the Thauer limit (i.e., 4 mol of hydrogen
per mole of hexose) (Agapakis et al., 2010; Chou et al., 2008; Ducat et
al., 2011; Maeda et al., 2012). To break the constraints of microorgan-
isms, in vitro metabolic engineering can be used to implement
complicated biological reactions by the in vitro assembly of numerous
(purified) enzymes or cell extracts, a system that insulates biocatalyst
preparation from product formation in space and time. Woodward
and his co-workers demonstrated the production of 11.6 mol of
hydrogen from 1mol of glucose 6-phosphate (Woodward et al.,
2000) (i.e., 12H2 can be produced from one glucose 6-phosphate
and seven H2O), but the high cost of the substrate prevented its
potential application. Later, we proposed the utilization of the 1,4-
glycosidic bond energy stored between two anhydroglucose units of
polysaccharides (e.g., starch and cellodextrins) mediated by glucan
phosphorylases plus recycled phosphate ions for producing glucose 6-
phopshate without costly ATP (Ye et al., 2009; Zhang et al., 2007). As a
result, nearly 12 mol of hydrogen was produced from each glucose
unit of polysaccharides, where the theoretical yield of hydrogen was
12H2 per hexose (Ye et al., 2009; Zhang et al., 2007). However, 1 mol
of glucose unit per mole of polysaccharides cannot be utilized. When
the degree of polymerization of polysaccharides and oligosaccharides
is small, a significant fraction of hexose cannot be utilized for
hydrogen production.

In this study, a novel in vitro non-natural enzymatic pathway
comprised of 15 enzymes was designed to convert sucrose, glucose
or fructose to high-yield hydrogen without the use of costly ATP.
Also, a fed-batch reaction was run for enhancing hydrogen gen-
eration rates at high substrate concentrations.

2. Materials and methods

2.1. Chemicals and strains

All chemicals were reagent 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 genomic DNA sample

of Thermus thermophilus HB27 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 to produce the recombinant protein. Luria–Bertani (LB)
medium was used for E. coli cell growth and recombinant protein
expression supplemented with 100 μg/mL ampicillin or 50 μg/mL
kanamycin. Oligonucleotides were synthesized by Integrated DNA
Technologies (Coraville, IA) and Fisher Scientific. Xylose isomerase
(G4166) from Streptomyces murinus and sucrose phosphorylase
(S0937) from Leuconostoc mesenteroides were purchased from
Sigma. Recombinant hydrogenase SH1 was produced and purified
from Pyrococcus furiosus (Chandrayan et al., 2012).

2.2. Plasmid construction

Two new plasmids were prepared for producing T. thermophilus
HB27 fructose-bisphosphate aldolase (TtcALD) and transketolase
(TtcTK) in E. coli BL21 (DE3). Plasmids pET20b-ttc-ald and pET20b-
ttc-tk were constructed by the newly developed restriction
enzyme-free, ligase-free and sequence-independent simple clon-
ing method (You et al., 2012b). The other plasmids were described
elsewhere (Martín del Campo et al., 2013; Wang et al., 2011).

The 918-bp DNA fragment containing the open reading frame
(ORF) of the fructose-bisphosphate aldolase (Ttc1414) was ampli-
fied by PCR from the genomic DNA of T. thermophilus HB27 using a
pair of primers (forward primer:50-TAACT TTAAG AAGGA GATAT
ACATA TGCTG GTAAC GGGTC TAGAG ATCT-30; reverse primer: 50-
AGTGG TGGTG GTGGT GGTGC TCGAG AGCCC GCCCC ACGGA
GCCGA AAAGC-30). The vector backbone of pET20b was amplified
by PCR using a pair of primers (forward primer: 50-GCTTT TCGGC
TCCGT GGGGC GGGCT CTCGA GCACC ACCAC CACCA CCACT-30;
reverse primer: 50-AGATC TCTAG ACCCG TTACC AGCAT ATGTA
TATCT CCTTC TTAAA GTTAA-30). The PCR products were purified
using the Zymo Research DNA Clean & Concentrator Kit (Irvine,
CA). The insertion DNA fragment and vector backbone were
assembled by prolonged overlap extension PCR (You et al.,
2012b), and then the PCR product (DNA multimer) was directly
transformed into E. coli TOP10 cells, yielding the desired plasmid.

The 1956-bp DNA fragment containing the ORF of the transke-
tolase (Ttc1896) was amplified by PCR from the genomic DNA of T.
thermophilus HB27 using a pair of primers (forward primer: 50-
TTAAC TTTAA GAAGG AGATA TACAT ATGAA GGAGA CGCGG GACCT
AGAGA-30; reverse primer: 50-GATCT CAGTG GTGGT GGTGG
TGGTG CACCA GGGAG AGGAA GGCCT CCGCC-30). The vector
backbone of pET20b was amplified by PCR using a pair of primers
(forward primer: 50-GGCGG AGGCC TTCCT CTCCC TGGTG CACCA
CCACC ACCAC CACTG AGATC-30; reverse primer: 50-TCTCT AGGTC
CCGCG TCTCC TTCAT ATGTA TATCT CCTTC TTAAA GTTAA-30). The
insertion DNA fragment and vector backbone DNA fragment was
assembled to the desired plasmid by using prolonged overlap
extension PCR (You et al., 2012b).

2.3. Recombinant protein expression and purification

For the preparation of recombinant proteins: two hundred
milliliters of LB culture containing 50 μg/mL of kanamycin or
100 μg/mL of ampicillin in 1-L Erlenmeyer flasks was incubated
with a rotary shaking rate of 250 rpm at 37 1C. When the
absorbance (A600) reached ca. 0.6–1.2, recombinant protein
expression was induced by adding isopropyl-β-D-thiogalactopyr-
anoside (IPTG) (0.01–0.1 mM, final concentration). The culture was
incubated at 37 1C for 4 h or at 18 1C for 20 h. The cells were
harvested by centrifugation at 4 1C, 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 using a Fisher Scientific Sonic
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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 purifica-
tion, 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 resins
(Bio-Rad, Profinity IMAC Ni-Charged Resin). PGM, FBP, PGI, CBM-
PPGK were purified by intein self cleavage method or ethylene
glycol elution from the fusion proteins CBM-intein-PGM (Wang
and Zhang, 2010), CBM-intein-FBP (Myung et al., 2010), CBM-
intein-PGI (Myung et al., 2011), and CBM-PPGK (Liao et al., 2012),
respectively. RPI, RPE, TIM and ALD were purified by heat pre-
cipitation at 80 1C for 20 min (Myung and Zhang, 2013; Sun et al.,
2012) (Table 1).

2.4. 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 mMMgCl2,
5 mM D-glucose, and 1 mM polyphosphate at 50 1C for 5 min (Liao
et al., 2012). The specific activity of CBM-PPGK was 55 U/mg at
37 1C.

Clostridium thermocellum PGM activity was measured in a
50 mM HEPES buffer (pH 7.5) containing 5 mM glucose 1-phos-
phate, 5 mM MgCl2 and 0.5 mM MnCl2 at 37 1C for 5 min (Wang
and Zhang, 2010). The specific activity of PGM was 260 U/mg at
37m1C.

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 6-phosphate and 0.67 mM NADPþ .
The increase in absorbance at 340 nm was measured in 5 min. The
specific activity was 1.1 U/mg at 37m1C (Zhu et al., 2014).

Morella thermoacetica 6PGDH activity was measured in a 50 mM
HEPES buffer (pH 7.5) containing 2 mM 6-phosphogluconate, 1 mM
NADPþ , 5 mM MgCl2, 0.5 mM MnCl2, at 37 1C for 5 min (Zhu et al.,

2014). The reaction product NADPH was measured at 340 nm. The
specific activity was 15 U/mg.

T. maritima RPI activity was assayed by a modified Dische's
cysteine–carbazole method. The specific activity was 190 U/mg at
37m1C (Sun et al., 2012).

T. maritima RPE activity was determined on a substrate
D-ribulose 5-phosphate as described previously (Wang et al.,
2011). The specific activity of RPE was 1.42 U/mg at 50m1C.

T. thermophilus TK activity assay was measured on the sub-
strates of D-xylulose 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 D-ribose
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 (Wang et al., 2011). The specific
activity of TK was 1.3 U/mg at 25 1C.

T. maritima TAL activity assay was carried as reported previously
and it has a specific activity of 13 U/mg at 37m1C (Huang et al., 2012).

T. thermophilus TIM activity was measured in 100 mM HEPES
pH 7.5 containing 10 mM MgCl2, 0.5 mM MnCl2 at 60 1C for 5 min
containing 2 mM D-glyceraldehyde 3-phosphate (You et al., 2012a).
The reaction was stopped with HClO4 and neutralized with KOH.
The product dihydroxyacetone phosphate was measured by using
glycerol 3-phosphate dehydrogenase in the presence of 0.15 mM
NADH at 25 1C (You et al., 2012a). The specific activity at these
conditions was 870 U/mg at 60 1C.

T. thermophilus ALD was assayed in a 100 mM HEPES pH 7.5 con-
taining 10 mMMgCl2, 0.5 mMMnCl2 at 60 1C for 5 minwith 2 mM of
D-glyceraldehyde 3-phosphate in the presence of TIM, FBP, and PGI.
The reaction was stopped with HClO4 and neutralized with KOH (You
and Zhang, 2014). The product glucose 6-phosphate was analyzed at
37 1C with liquid glucose reagent set (Pointe scientific). The specific
activity of ALD was 36 U/mg at 60 1C.

T. maritima FBP activity was determined based on the release of
phosphate and its specific activity of FBP at 37B1C was 6 U/mg
(Myung et al., 2010).

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

No. Enzyme Enzyme
catalog

Source/(ORF)a Plasmid name Purificationb Sp. Act.c

(U/mg)
Load (U/
mL)

Ref.

1 Sucrose phosphorylase (SP) EC 2.4.1.7 L. mesenteroides N/A Sigma 102 5 –

2 Xylose isomerase (XI) EC 5.3.1.5 S. murinus N/A Sigma 0.80 5 –

3 Polyphosphate glucokinase (PPGK) EC 2.7.1.63 REE, Tfu1811 pCBM-ppgk CBM-tag 55 5 Liao et al. (2012)
4 Phosphoglucomutase (PGM) EC 5.4.2.2 REE, Cthe1265 pCI-cthe-pgm CBM-intein self

cleavage
260 5 Wang and Zhang (2010)

5. Glucose 6-phosphate dehydrogenase
(G6PDH)

EC 1.1.1.49 REE, GsG6PDH pGsG6PDH His-tag 29 5 Zhu et al. (2012)

6. 6-Phosphogluconate dehydrogenase
(6PGDH)

EC 1.1.1.44 REE, Moth1283 pET33b-moth-
6pgdh

His-tag 15 5 Wang et al. (2011)

7. Ribose 5-phosphate isomerase (RPI) EC 5.3.1.6 REE, Tm1080 pET20b-r5pi Heat precipitation 190 1 Sun et al. (2012)
8 Ribulose 5-phosphate 3-epimerase

(RPE)
EC 5.1.3.1 REE, Tm1718 pET20b-tm-rpe Heat precipitation 0.60 1 Martín del Campo et al.

(2013)
9 Transketolase (TK) EC 2.2.1.1 REE, Ttc1896 pET20b-ttc-tk His-tag 3.0 1 This study
10 Transaldolase (TAL) EC 2.2.1.2 REE, Tm0295 pET28a(þ)-tal His-tag 13 1 Huang et al. (2012)
11 Triose phosphate isomerase (TIM) EC 5.3.1.2 REE, Ttc0581 pET33b-ttc-tim Heat precipitation 180 1 Wang et al. (2011)
12 Fructose-bisphosphate aldolase (ALD) EC 4.1.2.13 REE, Ttc1414 pET20b-ttc-ald Heat precipitation 7.3 1 This study
13 Fructose bisphosphatase (FBP) EC 3.1.3.11 REE, Tm1415 pCI-tm-fbp CBM-intein self

cleavage
6.0 1 Myung et al. (2010)

14 Phosphoglucose isomerase (PGI) EC 5.3.1.9 REE, Cthe0217 pCI-ttc-pgi CBM-intein self
cleavage

500 1 Myung et al. (2011)

15 Hydrogen dehydrogenase (H2ase) EC 1.12.1.3 P. furiosus N/A Strep-tagII 0.5 1 Chandrayan et al. (2012)

a REE, recombinant expression in E. coli; ORF, open reading fragment.
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 Specific activity at 37 1C; relatively standard deviations of specific activities were less than 10%.
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C. thermocellum PGI activity was assayed at 37G1C in 100 mM
HEPES (pH 7.5) containing 10 mM MgCl2 and 0.5 mM MnCl2 with
5 mM fructose 6-phosphate as substrate (Myung et al., 2011). After
3hree the reaction was stopped with HClO4 and neutralized with
KOH. The product glucose 6-phosphate was analyzed at 37 1C with
liquid glucose hexokinase kit (Pointe scientific). The specific
activity of PGI at 37w1C was 500 U/mg.

2.5. Preparation of the enzyme cocktail

The reaction buffer was 100 mM HEPES (pH 7.5) containing
4 mM NADPþ , 0.5 mM thiamine pyrophosphate, 10 mMMgCl2 and
0.5 mM MnCl2 unless otherwise noted. The concentrations of
sucrose, phosphate, and polyphosphate ((Pi)6, sodium hexameta-
phosphate) were 2 mM, 4 mM and 4 mM, respectively. The
enzyme loadings were added as shown in Table 1.

10 mg of immobilized XI per mL of the reaction volume were
placed in the reaction vessel, followed by addition of all enzymes,
cofactor, Pi, and (Pi)6. For the protection against microbial growth,
50 μg/mL of kanamycin was added as an antibiotic. To start the
reaction, sucrose was added. The reactor was sealed and magnetic
agitation was started, along with the flow of nitrogen carrier gas at
a flow rate of 30 mL/min and hydrogen thermal conductivity
detector data acquisition. When the oxygen inside the reactor
was completely evacuated for ensuring hydrogenase to be active
and when a significant fraction of initially-added NADPþ was
converted to NADPH that was converted to hydrogen by hydro-
genase, hydrogen production started. During the whole experi-
ment, temperature, carrier gas flow, and hydrogen signals were
monitored. To increase the dihydrogen rate, three different con-
centrations of sucrose were introduced sequentially in the same
reactor. Sucrose concentration (i.e., 4, 10, and 50 mM) was
increased stepwise 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) were also added according to the sucrose concentration.

2.6. System for hydrogen detection

The experiments were carried out in a continuous flow system,
which was purged with ultrapure nitrogen (Airgas) (Martín del
Campo et al., 2013; Ye et al., 2009; Zhang et al., 2007). Hydrogen
evolution was detected with a tin oxide thermal conductivity
sensor (Figaro TGS 822, Osaka, Japan) that was previously cali-
brated with in-line flow-controllers and ultrapure hydrogen (Air-
gas). The working volume of the reactor was kept constant by
humidifying the carrier gas and controlling the rate of condensa-
tion. The temperature of the reactor was controlled at 37 1C
(Thermo Scientific, NESLAB RTE) and the temperature of the
condenser was 20 1C, which were controlled by recirculation
thermal baths (Fisher Scientific, Isotemp Refrigerated Circulator
Bath Model 3016D). Data collection was conducted by Ni-module
NI USB-6210 (National Instruments Corp., Austin TX) and analyzed
by LabView SignalExpress 2009. The integrated molar/molar yield
of hydrogen (YH2) is calculated as

YH2 ¼
R
rH2dt

24� ΔSucrose

in which rH2 is the volumetric production rates in terms of mmol
of H2 per liter of reaction volume per hour and ΔSucrose is the
consumed mmole concentration of sucrose per liter. Remaining
sucrose concentration was measured by the Sigma glucose and
sucrose enzymatic kit.

2.7. Other assays

Mass protein concentration was measured by the Bio-Rad mod-
ified Bradford protein kit with bovine serum albumin as a standard
protein. 12–15% SDS-PAGE was performed in the Tris–glycine buffer to
check the purity of recombinants as described elsewhere.

3. Results

3.1. Pathway design

We designed a synthetic enzymatic pathway for water splitting
powered by sucrose, glucose, or fructose (Fig. 1a). Sucrose is
usually hydrolyzed to glucose and fructose mediated by sucrase
so that the bond energy between the linkage of fructose and
glucose is dissipated. To minimize the use of phosphoryl group
donors, sucrose in the presence of phosphate can be phosphory-
lated to fructose and glucose-1-phosphate mediated by sucrose
phosphorylase (EC 2.4.1.7). Fructose can be isomerized to glucose
mediated by glucose (xylose) isomerase (EC 5.3.1.5). To phosphor-
ylate glucose without ATP, a polyphosphate-strict glucokinase (EC
2.7.1.63) is used to convert glucose to glucose 6-phosphate by
transferring a terminal phosphate group from polyphosphate (Liao
et al., 2012). At the same time, glucose 1-phosphate generated by
sucrose phosphorylase is converted to glucose 6-phosphate
mediated by phosphoglucomutase (EC 5.4.2.2). As a result, one
molecule of sucrose can generate 2 mol of glucose 6-phosphate at
a cost of one phosphoryl group donated from polyphosphate. Via
two cascade redox enzymes in the oxidative pentose phosphate
pathway: one water and one glucose 6-phosphate mediated by
glucose 6-phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase, can generate two NADPH, one ribulose 5-
phosphate and one CO2 (Nelson and Cox, 2008). In it, one water
is added in the step from 6-phosphogluconolactone to 6-
phosphogluconate (Nelson and Cox, 2008). Then ribulose 5-
phosphate plus 1/6 water can be regenerated back to 5/6 glucose
6-phosphate through the non-oxidative pentose phosphate path-
way and glucogenesis pathway containing 10 enzymes (Fig. 1b).
When the 15 enzymes are put in an aqueous medium containing
sucrose and polyphosphate in one vessel, 14 mol of water can be
catabolically split into 24 mol of dihydrogen and 12 mol of CO2,
powered by 1 mol of sucrose as shown the following equation

14H2O(l)þC12H22O11(aq)þ(Pi)n-24H2 (g)þ12CO2(g)þ(Pi)n�1þPi

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 low-concentration phosphate-
containing waste water by using polyphosphate-accumulating
microorganisms (Kuroda et al., 2001). In Japan polyphosphate
recycled fromwaste water treatment facilities is used as fertilizers.
In China, ammonium polyphosphate is sold as a fertilizer.

This designed reaction was spontaneous and endothermic, similar
to the cases of hydrogen production from starch (Zhang et al., 2007),
cellulosic materials (Ye et al., 2009), and xylose (Martín del Campo et
al., 2013). It means that low-temperature thermal energy, which may
be obtained from air conditioners, refrigerators, and fuel cells, can be
converted to hydrogen energy via the enzyme cocktails. In contrast,
none of chemical catalysis can convert low-temperature thermal
energy to useful chemical energy.

3.2. Recombinant enzyme preparation

In the past several years, we tried to clone, express, and purify
all thermoenzymes to prolong the life time of enzyme cocktails.
Twelve recombinant thermophilic enzymes were expressed in E.
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coli BL21(DE3) and purified through several methods (Table 1).
Sucrose phosphorylase and xylose isomerase were purchased from
Sigma-Aldrich and a recombinant non-membrane hydrogenase
was isolated from a hyperthermophilic archaeon P. furiosus

(Chandrayan et al., 2012). Four enzymes (i.e., nos. 7, 8, 11, and
12) were purified by using heat precipitation at 80 1C for 20 min;
another four enzymes (i.e., nos. 5, 6, 9, and 10) were purified by
using their His-tag on nickel-charged resin; the other four

Fig. 1. (a) The scheme of the entire synthetic enzymatic pathway for dihydrogen production from sucrose, glucose or fructose, and water. The enzymes are no. 1 SP, sucrose
phosphorlyase; no. 2 XI, xylose isomerase; no. 3 PPGK, polyphosphate glucokinase (PPGK); no. 4 PGM, phosphoglucomutase; no. 5, G6PDH, glucose-6-phosphate
dehydrogenase; no. 6 6PGDH, 6-phosphogluconate dehydrogenase; no. 7, RPI, ribose 5-phosphate isomerase; no. 8, RPE, ribulose-5-phosphate 3-epimerase; no. 9 TK,
transketolase; no. 10 TAL, transaldolase; no. 11 TIM, triose phosphate isomerase; no. 12 ALD, (fructose-bisphosphate) aldolase; no. 13 FBP, fructose bisphosphatase; no. 14 PGI,
phosphoglucose isomerase; and no. 15 H2ase, hydrogenase. Pi and (Pi)n are inorganic phosphate and polyphosphate with a degree of polymerization of n. (b) The partial
synthetic pathway that regenerate five molecules of glucose 6-phosphate from six molecules of ribulose 5-phosphate. The metabolites are: g1p, glucose-1-phosphate; g6p,
glucose-6-phosphate; ru5p, ribulose-5-phosphate; x5p, xylulose-5-phosphate; r5p, ribose-5-phosphate; s7p, sedoheptulose-7-phosphate; g3p, glyceraldehyde-3-phos-
phate; e4p, erythrose-4-phosphate; dhap, dihydroxacetone phosphate; fdp, fructose-1,6-diphosphate; f6p, fructose-6-phosphate.
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enzymes (i.e., nos. 3, 4, 13, and 14) containing a cellulose-binding
module (CBM) tag, were purified through adsorption on a cellu-
losic 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 is shown in Fig. 2.

In our previous study (Wang et al., 2011), two enzymes no.
9 enzyme transketolase (TK) and no. 12 enzyme aldolase (ALD)
from T. maritima had very low specific activities of 0.21 U/mg at
25 1C and 1.32 U/mg at 60 1C, respectively. By using bioinformatics
tools based on protein sequence comparison compared to the
reported activities of sequence-similar enzymes in Brenda data-
base, we discovered two high-activity enzymes: transketolase (TK)
and aldolase (ALD) from T. thermophilus HB27, exhibiting approxi-
mately 6 times and 23 times those from T. maritima, respectively
(Table 1). Their opening reading frames were Ttc1896 and Ttc1414,
respectively, according to the Kyoto Encyclopedia of Genes and
Genomes (KEGG). These data suggested that more high-activity
enzyme building blocks could be discovered from rapidly-
expanding (mega) genomes.

3.3. Sucrose hydrogen production

To validate the synthetic pathway design, the fifteen enzymes
(Table 1) were put into a bioreactor at 37 1C and 1 atm, where the
loading of enzyme nos. 1–5 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 expected (Fig. 3a). The hydrogen
generation rate increased rapidly until hour 7.2. The maximum
hydrogen rate was 2.98 mmol of H2 per liter per hour. Due to fast
substrate consumption, the hydrogen generation rate decreased
over time. In a 100-h batch reaction, the cumulative hydrogen
yield was 96.7%, i.e., 23.2 mol of dihydrogen per mole of sucrose
(Fig. 3a). In the end of the batch reaction, the sucrose and glucose
levels were below the detection limit of the sucrose and glucose
assay kit, suggesting the complete utilization of two hexose
units of sucrose. Note: It was important to wash commercial
sucrose phosphorylase before its use because Sigma sucrose
phosphorylase contained a significant amount of sucrose. The
above experiments demonstrating catabolic water splitting
powered by sucrose were repeated four times. The standard
deviations of the final hydrogen yields and maximum hydrogen
rates were less than 3% and 10%, respectively, in the repeated
experiments. When the sucrose concentration was increased
from 2 mM to 10 mM at the same enzyme loading, the maximum
hydrogen reaction rate was increased by 2.73 fold to 8.14 mmol/L/
h (Fig. 3b). When the sucrose concentration was increased

to 50 mM, the maximum hydrogen generation rate was
9.74 mmol/L/h.

4. Discussion

One of the most important features in in vitro biosystems is
great engineering flexibility—enzymatic building blocks from

Fig. 2. SDS-PAGE analysis of the 12 purified thermophilic enzymes from nos. 3 to 14.

Fig. 3. The profile and yield of dihydrogen generation from 2 mM sucrose, 4 mM Pi
and 4 mM (Pi)6 at 37 1C (a) and the maximum hydrogen generate rate in terms of
substrate concentration in a fed-batch experiment (b). The reaction buffer was
composed of 100 mM HEPES (pH 7.5), 4 mM NADPþ , 0.5 mM thiamine pyropho-
sphate, 10 mM MgCl2 and 0.5 mM MnCl2, along with the fifteen enzymes.
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different sources can be easily assembled together and most of
them are highly exchangeable (Guterl et al., 2012; Ye et al., 2012;
Zhang et al., 2010). Previous enzymatic hydrogen experiments
were accomplished by combining enzymes isolated from rabbit,
spinach, archaebacterium, yeast and E. coli into an enzyme cocktail
(Woodward et al., 2000; Zhang et al., 2007). Recombinant thermo-
philic enzymes can be regarded as important standardized build-
ing blocks of in vitro synthetic biology projects. In this study, the
newly discovered ALD from T. thermophilus was 23 times the
previously used one from T. maritima. As a result, this replacement
saved �29% of proteins in the total protein mass loading. This data
suggested that great enzyme cost saving could be accomplished by
the discovery or engineering of high-activity enzyme building
blocks.

Enzymatic hydrogen generation rates based on hexoses have
been accelerated from 0.21 mmol/L/h (Woodward et al., 2000) to
9.74 mmol/L/h by nearly 50 fold. Compared to our previous work –

hydrogen production from pentose xylose (Martín del Campo et
al., 2013), this experiment showed a 4.4-fold rate enhancement.
The volumetric productivity of 9.74 mmol of H2/L/h equaled the
volumetric sugar utilization rate of ca. 0.15 g of hexose consumed/
L/h, comparable to some dark hydrogen microbial fermentations
(Rittmann and Herwig, 2012) and far higher than those of photo
biological hydrogen production. Further reaction enhancement
may be conducted by increasing the reaction temperature, the
use of small-size NAD-similar biomimetic cofactors for fast mass
transfer (Campbell et al., 2012; Rollin et al., 2013), optimizing
enzyme loading and ratios (Ardao and Zeng, 2013), the use of
substrate-channeling synthetic metabolons (Chen and Silver,
2012; You et al., 2012a), and the discovery of more high-activity
enzyme building blocks (e.g., TtcALD and TtcTK in this study).

The potential cost of hydrogen produced from sucrose and
water includes expenditure of the consumable substrate (i.e.,
sucrose), enzymes, coenzyme (i.e., NADP), and buffer, capital
investment, product separation as well (Tufvesson et al., 2011).
Like the production of most biocommodities (Zhang, 2010),
sucrose could account for more than a half of the selling price of
hydrogen when all biocatalysts are fully developed (Lynd et al.,
1999; Zhang, 2009). To decrease enzyme costs, it is essentially vital
to increase total turn-over number of all enzymes to more than
10,000,000 mol of product per mole of enzyme or higher (Zhang et
al., 2010). To prolong enzyme stability and recycle biocatalysts
from the substrate/product/buffer, enzymes could be immobilized
on nano-materials (Burton et al., 2002; Ge et al., 2012; Myung et
al., 2013). In addition to enhancing enzyme stability, it is urgently
needed to replace costly unstable NADP with more stable and less-
costly NAD (Morimoto et al., 2014; Steffler et al., 2013) and less
cost and more stable biomimics (Paul et al., 2014; Rollin et al.,
2013; Ryan et al., 2008). Cofactor engineering of the two key redox
enzymes in this pathway, that is, glucose 6-phosphate dehydro-
genase and 6-phoshogluconate dehydrogenase, is under way in
our lab. Both engineered redox enzymes can work on a low-cost
biomimetic cofactor—1-benzyl-3-carbamoyl-pyridium chloride
(in preparation for publication). Without the full development
of ultra-stable enzymes and biomimetic cofactors, it would be not
economically feasible to produce affordable hydrogen from a
variety of sugars. However, a great green hydrogen market, for
example, hundreds of billion or even trillions of US dollars
annually (Zhang, 2009), could motivate more and more R&D
efforts in this important field.

5. Conclusions

High-yield hydrogen generation via catabolic water splitting
powered by sugars mediated by enzyme cocktail could be a

promising approach to produce green hydrogen. Further improve-
ments in enzyme stability, replacement of labile coenzymes with
stable ones associated with redox enzyme engineering, and
enhanced enzymatic hydrogen generation rate would be essen-
tially vital to large-scale green hydrogen production.
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