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Carbon-neutral hydrogen gas is a future energy carrier, espe-
cially for the transportation sector.[1–3] Although hydrogen gas
can be produced from a number of hydrogen-containing com-
pounds, such as natural gas and water, low-cost hydrogen pro-
duction from renewable energy sources is in high demand.
The production of biohydrogen from less costly and abundant
lignocellulosic biomass under modest reaction conditions may
be a cost-effective shortcut because it provides a solution to
global-scale solar energy collection and storage and has nearly
zero net carbon emissions.[4,5]

Numerous carbohydrate-to-hydrogen conversion approaches
have been investigated, involving chemical catalysis, biocataly-
sis, and combinations of both. Chemical catalysis includes
gasification,[6] pyrolysis,[7] ultrafast volatilization,[8] and aqueous-
phase reforming.[9] Most biocatalyzed hydrogen is produced
through anaerobic dark fermentation with a theoretical maxi-
mum yield of four H2 molecules per glucose, along with two
acetate ions.[10] Recently, a bioelectrochemically assisted micro-
bial electrolysis cell was used to convert acetate into hydrogen
with help of low-voltage electricity for the high-yield produc-
tion of hydrogen.[11] A theoretical 10 molecules of H2 per glu-
cose could be achieved by a combination of biocatalysis and
catalysis involving cellulose hydrolysis and glucose-ethanol fer-
mentation,[12,13] followed by ethanol reforming or partial oxida-
tion reforming.[14,15] However, all of these methods still suffer
from much lower hydrogen yields than the theoretical maxi-
mum yield of 12 molecules of H2 per glucose.

The feasibility of producing high-yield hydrogen from starch
in one reactor has been demonstrated by using an enzyme
cocktail containing 13 enzymes.[16] However, only approximate-
ly half of a glucose equivalent of soluble starch, a branched
polysaccharide, can be converted into glucose-1-phosphate
mediated by starch phosphorylase for hydrogen production.
The previously reported yield of hydrogen was only 5.19 moles
of hydrogen per glucose equivalent of starch consumed, large-
ly due to incomplete reaction.[16] Non-efficient conversion of

starch and its limited supplies economically prohibit large-
scale hydrogen production through this new approach.

Cellulose, a linear polymer of anhydroglucose, is the most
abundant renewable polysaccharide.[13,17,18] Cellobiose is a
dominant product of primary enzymatic cellulose hydrolysis,[12]

and cellodextrins are prepared in high yields from cellulose or
biomass by using mixed acid hydrolysis.[19]

Our goal was to produce hydrogen in high yield from cellu-
losic materials and water. To fulfill this task, a new synthetic en-
zymatic pathway was designed (Figure 1). The pathway con-

tains five sub-modules: 1) conversion of cellobiose into glu-
cose-1-phosphate (g1p) catalyzed by cellobiose phosphorylase,
2) generation of glucose-6-phosphate (g6p) from g1p catalyzed
by phosphoglucomutase, 3) production of NADPH catalyzed
by two dehydrogenases of the oxidative phase of the pentose
phosphate pathway (PPP), 4) regeneration of g6p from ribu-
lose-5-phosphate catalyzed by the eight enzymes of the non-
oxidative phase of PPP, and 5) generation of hydrogen from
NADPH catalyzed by hydrogenase. The overall cellobiose-to-hy-
drogen reaction can be summarized as shown in Equation (1).

Figure 1. Hydrogen production from cellodextrin and water by a synthetic
enzymatic pathway. Enzymes: 1) CBP=cellobiose phosphorylase;
1.1) CDP=cellodextrin phosphorylase; 2) PGM=phosphoglucomutase;
3) G6PDH=glucose-6-phosphate dehydrogenase; 4) 6PGDH=6-phospho-
gluconate dehydrogenase; 5) R5PI=phosphoribose isomerase; 6) Ru5PE=
ribulose 5-phosphate epimerase; 7) TKL= transketolase; 8) TAL= transaldo-
lase; 9) TPI= triose phosphate isomerase; 10) ALD=aldolase; 11) FBP=
fructose-1,6-bisphosphatase; 12) PGI=phosphoglucose isomerase; and
13) H2ase=hydrogenase. Metabolites and chemicals : g1p=glucose-1-phos-
phate; g6p=glucose-6-phosphate; 6pg=6-phosphogluconate; ru5p= ribu-
lose-5-phosphate; x5p=xylulose-5-phosphate; r5p= ribose-5-phosphate;
s7p= sedoheptulose-7-phosphate; g3p=glyceraldehyde-3-phosphate;
e4p=erythrose-4-phosphate; dhap=dihydroxacetone phosphate;
fdp= fructose-1,6-diphosphate; f6p= fructose-6-phosphate; and
Pi= inorganic phosphate.
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C12H22O11ðaqÞ þ 7H2OðlÞ ! C6H12O6ðaqÞ þ 12H2ðgÞ þ 6 CO2ðgÞ ð1Þ

Figure 2 shows the profile of H2 and CO2 production from a
2 mm aqueous solution of cellobiose supplemented with
NADP+ and phosphate and catalyzed by 13 enzymes. CO2 was

produced before hydrogen (Figure 2, inset), in good agree-
ment with the reaction mechanism in which enzyme 4 produ-
ces CO2 and NADPH, but enzyme 13 (hydrogenase) produced
hydrogen only when the NADPH concentration was sufficiently
high.[20] The maximal hydrogen production rate was
0.48 mmolh�1 L�1 at 1.64 h. After 150 h, H2 and CO2 were not
detectable in the constantly flushing carrier gas N2. The overall
yields of H2 and CO2 were 11.2 mol H2 and 5.64 mol CO2 per
mole of anhydroglucose unit of cellobiose, corresponding to
93.1% and 94% of the theoretical yields, respectively. The hy-
drogen yield was comparable to that reported previously
(11.6 mol H2 per mol glucose-6-phosphate).[21] The slightly less
than theoretical value was readily explained by accumulated
equilibrium intermediates (e.g. , g1p, NADPH) in a batch reac-
tion.

Thermodynamic analysis clearly suggested that this cello-
biose-to-hydrogen reaction was spontaneous but endothermic
(see Supporting Information). To our limited knowledge, this
reaction was the first chemical reaction that can absorb ambi-
ent-temperature heat and convert it into chemical energy that
we can utilize, that is, the output/input (chemical energy) ratio
is greater than 1. This reaction was spontaneous (DG<0)
when the reaction temperature was higher than 0 8C (Support-
ing Information), because both gaseous products were re-
leased from the aqueous solution under the modest conditions
of less than 100 8C and about 1 atm, accompanied with an en-
tropy gain (DS@0). Although spontaneous endothermic (en-
tropy-driven) chemical reactions are rare, several examples are
reported, such as N2O5(s)!2NO2(g)+1/2O2(g).

Removal of the gaseous products from the aqueous phase
at low temperature and pressure decreases product inhibition,
simplifies product separation, and promotes the nearly com-

plete overall reaction. However, only one anhydroglucose (C6
unit) of cellobiose (C12) can be used to produce hydrogen so
far. The remaining glucose (C6) may be phosphorylized to glu-
cose-6-phosphate by hexokinase at the cost of one ATP per
glucose.[21] Unfortunately, utilization of hexokinase and ATP
could be economically prohibitive because of 1) costly ATP re-
generation system, 2) accumulation of phosphate, an inhibitor
of several enzymes (e.g. , FBP),[22] 3) precipitation of Mg2+ due
to high phosphate levels,[22] as Mg2+ is a key co-factor of sever-
al enzymes, and 4) a pH shift.

To efficiently utilize the glucose equivalents in cellulosic ma-
terials, we investigated the production of more g1p from
longer-chain cellulosic fragments catalyzed by cellodextrin and
cellobiose phosphorylases [Eq. (2)] (n corresponds to the
degree of polymerization of water-soluble cellodextrins and
ranges from 3 to 6).[23,24]

GnðaqÞ þ ðn�1ÞH2OðlÞ þ ðn�1Þ Pi ! C6H12O6ðaqÞ þ ðn�1Þg1p
ð2Þ

With supplement of cellodextrin phosphorylase, the new
pathway has a potential to produce more hydrogen (e.g. , 12
(n�1)/n) per glucose equivalent of longer cellodextrins
[Eq. (3)] .

GnðaqÞ þ 7ðn�1ÞH2OðlÞ ! C6H12O6ðaqÞþ12ðn�1ÞH2ðgÞ

þ6ðn�1ÞCO2ðgÞ
ð3Þ

To accelerate hydrogen production rates, we increased the
hydrogenase loading and substrate concentration because the
metabolic mass flux model suggested that the previous hydro-
genase loading limited the overall reaction rates, and that the
higher substrate concentrate would lead to the higher reaction
rates (Supporting Information). Figure 3 presents the profiles
of hydrogen and carbon dioxide production from 2 mm cello-
pentaose and water. The maximal hydrogen production rate
was 3.92 mmolh�1 L�1, 8.2-fold higher than that from cellobiose
(Figure 2). The overall yields of H2 and CO2 were 67.7% and

Figure 2. Profile of hydrogen and carbon dioxide production from cellobiose
and water.

Figure 3. Profile of hydrogen and carbon dioxide production from cellopen-
taose and water.
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70.0% of their theoretical yields, respectively, due to the in-
complete reaction at t=150 h (Figure 3).

Two major obstacles must be overcome for future applica-
tions, such as the high costs of enzymes and slow reaction
rates. The costs associated with the enzymes can be decreased
by use of (hyper)thermostable enzymes,[16,21] enzyme immobili-
zation,[25,26] simple enzyme purification,[27,28] and large-scale
production of recombinant protein, for example. The long-
term stability of immobilized thermostable enzymes has been
demonstrated industrially. For example, 1 kg of immobilized
glucose isomerase can convert at least 1500000 kg of glucose
into fructose for several months at around 60 8C before it is de-
activated and must be replaced.[5,29] It is anticipated that the
rate of biohydrogen production can be accelerated by several
orders of magnitude by using a combination of technologies,
such as (hyper)thermophilic enzyme replacement, elevated re-
action temperatures, optimization of key enzyme ratios, higher
substrate concentration, higher enzyme loading, and even me-
tabolite channeling.[5,30,31] For instance, the power densities of
microbial fuels cells have been enhanced by approximately
1000000-fold during the past decade.[32] In this study, we have
increased the hydrogen production rate by 8.2-fold as com-
pared to our previous results on starch[16] by increasing the
rate-limiting hydrogenase concentration, increasing the sub-
strate concentration, and by elevating the reaction tempera-
ture slightly from 30 to 32 8C. An overall rate enhancement by
about 20-fold has been implemented in the past two years
(Table 1).

In conclusion, the entropy-driven reactions mediated by
enzyme cocktails have several unique features: 1) a low-tem-
perature endothermic reaction that absorbs low-temperature
thermal energy for producing high-quality chemical energy
(hydrogen), 2) a very high demonstrated hydrogen yield
(about 11.2 molecules of H2 per anhydroglucose unit of cellulo-
sic materials) in a batch reaction, and 3) about a 10-fold en-
hancement in hydrogen production rate compared to that ob-
tained before.[16]

Experimental Section

Enzymes and Their Preparation: All the enzymes are listed in the
Supporting Information. Except for the enzymes purchased from
Sigma, the recombinant enzymes were prepared as described
below. The cbp, cdp, and pgm genes of the thermophilic bacterium
C. thermocellum ATCC 27405 were amplified by PCR and inserted
into the T7-protein expression plasmid pCIG.[27] The recombinant
proteins were expressed in E. coli BL21 rosetta. The recombinant
protein was purified by affinity adsorption on regenerated amor-
phous cellulose (RAC) followed by intein self-cleavage.[27] The re-
combinant E. coli FBP was expressed and purified as described pre-
viously.[22] The P. furious hydrogenase I was prepared as described
elsewhere and stored at �80 8C.[20] The reaction buffer contained
the enzymes (Supporting Information), 0.5 mm thiamine pyrophos-
phate, 2 mm NADP+ , 10 mm MgCl2, and 0.5 mm MnCl2 in a 0.1m
HEPES buffer (pH 7.5). 5 mm 1,4-dithiotreitol (DTT) was added for
the cellopentaose experiment.

Experimental Conditions and Data Analysis: The experiments were
carried out in a continuous-flow system as described previously,[16]

with the modification that 1) ultrapure nitrogen (Air Liquide Ameri-
ca Corp. , Houston, TX) was used as a carrier gas and 2) the reaction
temperature was increased to 32 8C. Hydrogen was measured with
a Figaro TGS 822 tin oxide sensor (Figaro Engineering Inc. , Osaka,
Japan), and carbon dioxide was measured with a LI-COR CO2 Ana-
lyzer Model LI-6252 (LI-COR Biosciences Lincoln, NE). Data collec-
tion was conducted with the LabView program (National Instru-
ments Corp., Austin, TX), and data analysis was carried out with
the MatLab program (Natick, MA).
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Supplementary Online Materials (SOM) 

Spontaneous high-yield hydrogen production from cellulosic 
materials and water catalyzed by enzyme cocktails 

Xinhao Ye, Yiran Wang, Robert C. Hopkins, Michael W. W.  Adams,  Barbara R. Evans, 
Jonathan R. Mielenz, Y.-H. Percival Zhang 

 
I. Calculation of thermodynamics properties 

The overall reaction from cellobiose to hydrogen, carbon dioxide, and glucose is 

 C12H22O11 (aq) + 7 H2O (l)  C6H12O6 (aq) + 6 CO2 (g) + 12 H2 (g)  (R1) 

 

This reaction can be written as the consequence of two below reactions 

 C12H22O11 (aq) +  H2O (l)  2 C6H12O6 (aq)               (R2) 

 C6H12O6 (aq) +  6 H2O (l)  2 CO2 (g) + 12 H2 (g)      (R3) 

 

Thermodynamic parameters of Reaction 2 -- hydrolysis reaction of cellobiose at 298.15 K are 

mol/kJ43.2H o
2 −=Δ , mol/J8.33So

2 =Δ , and mol/kJ5.12G o
2 −=Δ [1].  Thermodynamic parameters of 

Reaction 3 were calculated based on the thermo-chemical properties of reactants as well as products. At the standard 

states, all the data were listed in  SOM Table I-1 from the NIST website [2, 3] listed in. 

 

SOM Table I-1. Basic properties of hydrogen, carbon dioxide, water and glucose. 

Compound ΔfHo (kJ/mol) So (J/mol) 
C6H12O6 (l) -1271.1 209.19 
H2O (l) -285.83 69.95 
H2 (g) 0 130.68 
CO2 (g) -393.52 213.79 

 

Thus, the enthalpy and entropy of Reaction 3 are 

mol/kJ48.626HHH
ttanreac

o
f

product

o
f

o
3 =Δ−Δ=Δ ∑∑                        

mol/J97.2221SSS
ttanreac

o

product

oo
3 =−=Δ ∑∑                              

Since STHG Δ⋅−Δ=Δ , the standard Gibbs free energy (ΔGo
3) of Reaction 3 was  

mol/kJ38.36STHG o
3

o
3

o
3 −=Δ⋅−Δ=Δ                        

Therefore, thermodynamic properties of Reaction 1 are: 

mol/kJ05.624HHH 0
3

0
2

0
1 =Δ+Δ=Δ   



 2

mol/J77.2255SSS 0
3

0
2

0
1 =Δ+Δ=Δ   

mol/J88.48GGG 0
3

0
2

0
1 −=Δ+Δ=Δ   

Clearly, Reaction 1 is an endothermic (ΔH > 0) spontaneous (ΔG < 0) entropy-driven (ΔS >>0) reaction. 

We further calculated the properties of Reaction 1 in terms of reaction temperature at 1 atm. Enthalpy change (ΔH) 

and Gibbs free energy change (ΔG) of Reaction #2 and Reaction #3 can be calculated according to the information 
[1] and [3], respectively. The heat capacity of glucose was calculated as described elsewhere [4, 5]; the temperature-

dependent enthalpy of glucose can be calculated as before [4]; the entropy of glucose can be calculated [6].  

SOM Figure I-1 shows the property profile of Reaction 1 in terms of temperature at a fixed pressure (1 atm). Clearly, 

with an increase in temperature, the Gibbs free energy decreased gradually, suggesting that this spontaneous reaction 

had more potential for completion.  When the reaction temperature is higher than 100oC, water vapor will be mixed 

with the products, resulting in difficulty in product/reactant separation.   
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SOM Figure I-1. Profiles of enthalpy, entropy, and Gibbs free energy of Reaction 1 in terms of temperature at 1 atm.  
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II. Model Simulation of in vitro Synthetic Enzymatic Pathway for Novel Hydrogen Production 

A mathematical model was developed to simulate hydrogen production from glucose 6-phosate[7], starch[7], and 
cellobiose. The model consisted of the kinetic equations of the individual reactions and a set of mass balance 
equations for the different concentrations of each metabolite. The kinetics was based on a modified two-substrate 
Michaelis-Menten equation except three reactions catalyzed by TKL, TAL, and TPI (SOM Table II-1). Near-
equilibrium conditions were assumed for these reactions owing to the respective relatively high Michaelis constant 
Km [8]. The mass balances take the following form  

∑=
i

jij
i rv

dt
dC

 

where Ci denotes the concentration of metabolite i, and vij is the stoichiometric coefficient for the metabolite i in 
reaction j, the rate of which is rj. Furthermore sensitive analysis is performed based on flux control coefficient (or 
response coefficient) which was defined as the percentage change in the flux caused by a 1% modulation of the 
enzyme activity. All in all, the model containing ODEs was solved by Runge-Kutta method and parameters were 
estimated using derivative-free method, both of which were performed in Matlab 7.0. 
 
A comparison of hydrogen profiles between simulation and experimental data was shown in SOM Figure II-1. The 
parameters used for computer simulations were listed in SOM table II-1, which were estimated based on the curve-
fitting of the CO2 release rates. The model fit the observed trends reasonably well. However, the largest deviations 
between measured and predicted value were found after the peak appeared around 200 min, especially for the 
reactions driven from glucose 6-phosphate. Neither changes in the enzyme loading nor variation in parameter 
settings leaded to the improvement of the fitting. They might be impaired by the model assumptions that the kinetic 
parameters kept unchanged if the same enzyme was employed in these three reactions, and that the difference of 
hydrogen production rate was mainly contributed by the variation of enzyme loading, enzyme activity, and 
substrates.  On the other hand, the remaining deviations between model and measured data also indicated the present 
limitations in comprehensive modeling bases on mechanistic rate equations [9].  
 

 
SOM Figure II-1. Comparison between experimental observation (■) and model predictions (lines) for hydrogen evolution rate 
(mM/min). Left-hand figure illustrates the time curve for G6P reaction, the middle figure is for starch reaction, and the right-hand 
figure presents the hydrogen evolution from cellobiose. 
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SOM Table II-1 Kinetic expression and parameters 

No Equation Parameters Liter. Data 
Estimation 

G6P STARCH CELLOBIOSE 

1 

r1 = rGNP =
kGNP[GNP][GN ][Pi]

Km,Gn
GNP (1+

[Pi]
KI ,Pi

GNP ) + [GN ]
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ × Km,Gn

GNP + [Pi][ ]
 

GNPVmax  ‐  ‐  0.10  ‐ 

GNP
Gm n

K ,  0.15[10]  ‐  0.25  ‐ 

GNP
Pm i

K ,  2.4[10]  ‐  2.4  ‐ 

GNP
Pi i

K ,  0.14[10]  ‐  0.12  ‐ 

[ ]][][)][1(

]][][[

22 ,2
,

,

2
1

i
CBP

GmCBP
glcI

CBP
Gm

i
CBP

CBP

PKG
K
glcK

PGCBPk
rr

+×
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
++

==

 

CBPVmax  ‐  ‐  ‐  0.43 

CBP
GmK

2,  7.3[11]  ‐  ‐  7.3 

CBP
Pm i

K ,  2.9[11]  ‐  ‐  2.9 

CBP
glciK ,  1.2[11]  ‐  ‐  1.2 

2 
r2 = rPGM =

kPGM [PGM] [g1p] − [g6p]/Keq
PGM( )

Km,g1p
PGM 1+

[g6p]
KI ,g6 p

PGM

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ + [g1p]

 

PGMVmax  ‐  ‐  0.13  0.81 

PGM
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One of the goals of our dynamic model was to identify the rate-limiting steps in the synthetic pathway as well as to 
provide new insights in further enhancement in enzymatic hydrogen production rate and key enzyme properties. 
Flux control coefficients (FCC) in terms of hydrogen release rate were determined followed by the process 
simulation. The results were shown in SOM Figure II-2. The highest control was exerted by hydrogenase (#14) as 
indicated by FCC = 0.95, 0.96, and 0.96 for glucose 6-phosphate reaction, starch reaction, and cellobiose reaction, 
respectively.  Although enzyme loading of hydrogenase was much higher than others (approximately 70 fold), its 
exhibiting activity was expected to be very low because residual activity of hyper-thermophilic hydrogenase was 
less than 1 U at 30oC. The low hydrogenase activity not only limited the hydrogen production but also resulted in the 
accumulation of cofactor NADPH which was a strong inhibitor to other enzymes, such as G6PDH, 6PGDH and 
hydrogenase itself.  
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SOM Figure II-2. Flux control coefficients of the enzyme activities on maximum hydrogen production rate.   

  
As a result, the hydrogen production rate can be increased simply by increasing the hydrogenase activity. By in 
silico simulation, 2 fold and 5 fold increases in hydrogenase activity could enhance hydrogen production rates by 
more than 80% and 150%, respectively.  
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III. Enzyme information.   
 
SOM Table III-1. The designated number, enzyme catalogue number, full name and abbreviated name of the enzymes as well as their source, preparation, and  
units used in the experiments.  

NO 
  

EC 
Enzyme 

Source Vendor

Cellobiose 
(IU/reactor) 

Cellopentaose 
(IU/reactor) 

Full name Abb. Added* T-Adj.** Added* T-Adj.** 

1 2.4.1.20 cellobiose phosphorylase CBP C. thermocellum lab 8 [a] 8  4 [a]  4 

1.1 2.4.1.49 cellodextrin phosphorylase CDP C. thermocellum lab   0.5 [b] 0.5 

2 5.4.2.2 phosphoglucomutase PGM C. thermocellum lab 10 [c] 10 4 [c] 4 

3 1.1.1.49 glucose 6 phosphate dehydrogenase G6PDH S. cerevisiae Sigma 5 [d] 8 5 [d] 8 

4 1.1.1.44 6-phosphogluconic dehydrogenase 6PGDH S. cerevisiae Sigma 1 [e] 0.38 1 [e] 0.38 

5 5.1.3.1 ribulose 5-phosphate 3-epimerase Ru5PE S. cerevisiae Sigma 1 [f] 1.6 1 [f] 1.6 

6 5.3.1.6 ribose 5-phosphate isomerase Ru5PI spinach Sigma 1 [g] 1 1 [g] 1 

7 2.2.1.1 Transketolase TKL E. coli Sigma 1 [h] 1.6 1 [h] 1.6 

8 2.2.1.2 Transaldolase TAL S. cerevisiae Sigma 1 [i] 1.6 1 [i] 1.6 

9 5.3.1.1 triose-phosphate isomerase TPI rabbit muscle Sigma 4.8 [j] 7.68 4.8  [j] 7.68 

10 4.1.2.13 aldolase ADL rabbit muscle Sigma 1 [k] 1.6 1 [k] 1.6 

11 3.1.3.11 fructose-bisphosphatase FBPase E. coli lab 1 [l] 1.6 1 [l] 1.6 

12 5.3.1.9 phosphoglucose isomerase PGI S. cerevisiae Sigma 1 [m] 1.6 1 [m] 1.6 

13 1.12.1.3 P. furiosus hydrogenase I H2ase P. furisous lab ~100 [n] 3.65 ~200 [n] 7.2 
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*  the enzyme activities were determined based on international unit (IU) definition under their optimal or experimental 

conditions. 

** the T-adjusted enzyme activities were estimated based on the rule of thumb for the relationship between the enzyme activity 

and reaction temperature (doubled enzyme activity per ten degree increase) [14, 26]. The real enzyme activities cannot be 

measured exactly due to the presence of other factors (enzymes, cofactors, and so on) [27].  

[a], the CBP activity was measured by a discontinuous assay coupled with glucose 6-phosphate dehydrogenase from glucose 

HK kit (Sigma, MO, US). Formation of glucose 6-phosphate from glucose 1-phosphate was measured by monitoring 

NADPH formation. The initial reaction was conducted at 32oC with 2 mM cellobiose, 4 mM phosphate, 10 mM Mg2+, 0.5 

mM Mn2+, 20 μg/ml phosphoglucomutase (~10 U/ml), and 1 mg/ml BSA in 50 mM HEPES buffer, pH7.5, and stopped by 

heating the samples in boiling water bath for 5 min. Coupled with glucose 6-phosphate dehydrogenase, the formation of 

NADPH was then determined at the 2nd reaction by measuring the change in absorbance at 340 nm for 15 min. One unit of 

CBP is defined as the amount of enzyme that generated 1 μmol of NADPH per min. 

[b]. the CDP activity was determined similarly with CBP assay, except using 2 mM cellopentaose rather than cellobiose, and 

pulsing 5 mM DTT. One unit of CDP is defined as the amount of enzyme that generated 1 μmol of NADPH per min under 

the conditions described. 

[c]. the PGM activity was assayed by the discontinuous assay coupled with glucose 6-phosphate dehydrogenase from glucose 

HK kit (Sigma, MO, US). The initial reaction was performed at 32 oC with 50 mM HEPES buffer (pH7.5) with 5 mM 

glucose 1-phosphate, 10 mM Mg2+, 0.5 mM Mn2+ and 1 mg/ml BSA. The reaction was stopped by heating the samples in 

boiling water bath for 5 min. Then the product glucose 6-phosphate was detected by glucose HK kit. One unit of PGM  is 

defined as the amount of enzyme that generated 1 μmol of NADPH per min under the above conditions. 

[d]. one unit of G6PDH can oxidize 1.0 μmole of glucose 6-phosphate to 6-phospho-D-gluconate per min in the presence of 

NADP at pH 7.4 at 25°C. 

[e]. one unit of 6PGDH can oxidize 1.0 μmole of 6-phospho-D-gluconate to D-ribulose 5-phosphate and CO2 per min at pH 7.4 

at 37°C in the presence of NADP+. 

[f]. one unit of Ru5PE can convert 1 μmole of D-ribulose 5-phosphate to xylulose 5-phosphate per min at pH 7.7 at 25°C when 

coupled with transketolase, α-glycerophosphate dehydrogenase, and triosephosphate isomerase 

[g]. one unit of Ru5PI can convert 1.0 μmole of D-ribose 5-phosphate to D-ribulose 5-phosphate per min at pH 7.7 at 30 °C. 

[h]. one unit of TKL can produce 1 μmol of glyceraldehyde-3-phosphate from xylulose-5-phosphate per minute at pH 7.7 and 

25°C, in the presence of ribose-5-phosphate, thiamine pyrophosphate and Mg2+. 

[i]. One unit of TAL can produce 1.0 μmole of D-glyceraldehyde 3-phosphate from D-fructose 6-phosphate per min in the 

presence of D-erythrose 4-phosphate, at pH 7.7 at 25°C in a coupled system with GDH/TPI and β-NADH. 

[j]. One unit of TPI can convert 1.0 μmole D-glyceraldehyde 3-phosphate to dihydroxyacetone phosphate per min at pH 7.6 at 

25 °C. 

[k]. One unit of ADL can convert 1.0 μmole of fructose 1,6-diphosphate to dihydroxyacetone phosphate and glyceraldehyde 3-

phosphate per min at pH 7.4 at 25 °C. 

[l]. One unit of  FBP can produce 1 μmol of phosphate in 1 min from fructose-1,6-biphosphate as described before [22].  

[m]. One unit of PGI can convert 1.0 μmole of D-fructose 6-phosphate to D-glucose 6-phosphate per min at pH 7.4 at 25 °C. 

[n]. One unit of hydrogenase I can 1μmole of H2 per min at 80 °C, as described elsewhere [28]. 
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