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The use of hydrogen (H2) as a fuel offers enhanced energy conver-
sion efficiency and tremendous potential to decrease greenhouse
gas emissions, but producing it in a distributed, carbon-neutral,
low-cost manner requires new technologies. Herein we demon-
strate the complete conversion of glucose and xylose from plant
biomass to H2 and CO2 based on an in vitro synthetic enzymatic
pathway. Glucose and xylose were simultaneously converted to H2

with a yield of two H2 per carbon, the maximum possible yield.
Parameters of a nonlinear kinetic model were fitted with experi-
mental data using a genetic algorithm, and a global sensitivity
analysis was used to identify the enzymes that have the greatest
impact on reaction rate and yield. After optimizing enzyme load-
ings using this model, volumetric H2 productivity was increased
3-fold to 32 mmol H2·L

−1·h−1. The productivity was further en-
hanced to 54 mmol H2·L

−1·h−1 by increasing reaction temperature,
substrate, and enzyme concentrations—an increase of 67-fold
compared with the initial studies using this method. The produc-
tion of hydrogen from locally produced biomass is a promising
means to achieve global green energy production.

hydrogen | biomass | in vitro metabolic engineering | metabolic network
modeling | global sensitivity analysis

Unlocking the tremendous potential of the hydrogen (H2)
economy depends on the availability of low-cost, distributed

hydrogen produced in a carbon-neutral manner. Approximately
50 million metric tons of hydrogen produced from fossil fuels
annually are used mainly for oil refining and ammonia synthesis
(1). However, current thermochemical production options are
prohibitively expensive, especially for distributed production sys-
tems, when infrastructure costs are considered (1, 2). Water elec-
trolysis is scalable and potentially renewably powered, but this
technology remains expensive (3). Water splitting powered by solar
energy (4, 5) suffers from low solar-to-chemical energy conversion
efficiencies and low volumetric productivities and is far from
practical applications (5, 6). For the hydrogen economy to become
reality, new technologies must be developed to meet increasing
needs while keeping both production costs and capital costs low
and simultaneously reducing greenhouse gas emissions (7).
Biomass is the most abundant renewable resource and is far

more evenly distributed worldwide than fossil fuels. A 2011
biomass resource report suggested that over 1 billion tons of dry
biomass could be harvested sustainably in the United States by
2050 and that farm gate prices of $60 per dry ton are feasible (8).
The predominant biomass sugars are glucose (C6) and xylose
(C5), accounting for more than 90% of the fermentable sugars in
plant cell walls. Microbial cofermentation of C6 and C5 sugars
usually results in diauxic growth due to carbon catabolite re-
pression, resulting in low volumetric productivity (9). Hydrogen

generation technologies, such as microbial fermentation, gasifi-
cation, steam reforming, and aqueous phase reforming (6, 10–
13), suffer from low product yields. For example, the hydrogen
yield from microbial fermentations is limited to 4 H2/mol of
glucose. However, much higher hydrogen yields (>4 H2/glucose)
are critical to achieve their production economics because sugars
usually account for more than half of biofuel production costs (14).
In vitro metabolic engineering is the construction of synthetic

enzymatic pathways without cell membranes to carry out com-
plex biochemical reactions. In addition to its fundamental role in
elucidating complicated cellular metabolism and regulation (15),
this field is emerging as a promising alternative biomanufactur-
ing platform, especially for the production of low-value and high-
impact biofuels and biochemicals (16–18). In vitro metabolic
engineering has a number of advantages over whole-cell bio-
systems: high product yield without the formation of by-products
or the synthesis of cell mass (19, 20); fast reaction rates, due to
elimination of transport across a cell membrane (21, 22); easy
product separation (21, 23); tolerance of compounds that would
be toxic to intact cells (24); broad reaction conditions (25); and
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nonnatural reactions, such as the enzymatic transformation of
cellulose to starch (23). If the half-life times of all enzymes in an
in vitro enzymatic pathway were similar to that of industrial
glucose isomerase, which can produce more than 1,000,000 kg of
product per kilogram of enzyme, the catalyst cost of this bio-
transformation would be a small fraction of product price, en-
abling the production of biofuels and biochemicals at very low
costs (16, 26).
In this study, we demonstrate for the first time to our knowl-

edge the production of hydrogen directly from pretreated plant
biomass containing C5 and C6 sugars via in vitro metabolic en-
gineering. In addition, a kinetic model was formulated using
multiple experimental datasets and was used to optimize the
overall reaction rate and hydrogen yield. The relative simplicity
of in vitro synthetic enzymatic pathways compared with whole
cells makes the overall system far easier to simulate and use
for predictions (15). Kinetic models for enzymatic hydrogen
production have been used previously to optimize the reactor
design; however, experimental validation had not yet been
performed (27). The problem of fitting kinetic parameters of
Michaelis–Menten models to given experimental datasets was
solved using a genetic algorithm (28). With an updated kinetic
parameter set, optimal enzyme loading ratios were calculated,
and global sensitivity analysis (GSA) (29) was applied to de-
termine the sensitivity of each enzyme’s loading over the entire
range of operating conditions. Because GSA is a stochastic
method, it is computationally demanding and offers advantages
over traditional sensitivity analysis, where only one parameter is
adjusted while the others remain constant. GSA calculates sen-
sitivity as all parameters are varied simultaneously. This method

has been used to identify the key operating bottlenecks of kinetic
and agent-based models (30, 31). Importantly, the predictions
made in this research were validated experimentally, and an
improved volumetric hydrogen productivity rate was achieved.

Results
Two approaches were used to demonstrate (i) simultaneous,
high-yield utilization of C5 and C6 biomass sugars and (ii) ra-
tional metabolic engineering of the system for increased reaction
rate through the use of a kinetic model. For high-yield biomass
utilization, one mesophilic enzyme, polyphosphate glucokinase
(PPGK) (discussed below), had to be used as a thermophilic
source and was not available. Because activity of this enzyme
significantly decreases above 40 °C (32), biomass utilization ex-
periments were conducted at 40 °C to ensure complete conver-
sion. For reaction rate increase experiments, a simplified path-
way was used, where phosphorylation enzymes were eliminated
and glucose-6-phosphate was used as the substrate. Due to the
use of only thermophilic enzymes in this pathway, the reaction
temperature was 50 °C for these experiments.

Pathway Design. An in vitro ATP-free synthetic enzymatic path-
way was designed for the high-yield production of hydrogen from
pretreated biomass sugars—glucose and xylose (Fig. 1). This
pathway can be broken down into four modules: (i) the hydro-
lysis of cellulose and xylan to glucose and xylose, respectively,
by using a commercial cellulase/hemicellulase mixture; (ii) the
phosphorylation of monomer sugars glucose and xylose with
polyphosphate; (iii) the production of reduced nicotinamide
adenine dinucleotide phosphate (NADPH) and subsequently

Fig. 1. Pathway depicting the enzymatic conversion of biomass to hydrogen and CO2. Full names of enzymes used are polyphosphate glucokinase (PPGK),
xylose isomerase (XI), xylulokinase (XK), glucose 6-phosphate dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase (6PGDH), ribose 5-phosphate
isomerase (R5PI), ribulose 5-phosphate epimerase (Ru5PE), transketolase (TK), transaldolase (TAL), triose phosphate isomerase (TIM), aldolase (ALD), fructose 1,6-
bisphosphate (FBP), phosphoglucose isomerase (PGI), hydrogenase (H2ase), and Cellic Ctec2 cellulase (Ctec2). Details of the reactions are included in Table S1.
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hydrogen by two dehydrogenases and a hydrogenase; and (iv) the
recycling of the C5 compounds ribulose 5-phosphate and xylulose
5-phosphate to C6 glucose 6-phosphate through the nonoxidative
pentose phosphate pathway, partial glycolysis, and gluconeo-
genesis pathways. Glucose 6-phosphate generated by the fourth
module is then a substrate for the dehydrogenases in the second
module. Using this pathway, theoretical yields are 12 mol of hy-
drogen and 6 mol of carbon dioxide per mole of glucose and
10 mol of hydrogen and 5 mol of carbon dioxide per mole of xylose.

High-Yield Hydrogen from Biomass. The most abundant agricultural
residue in the United States is corn stover, which consists of
leaves and stalks. It is composed of ∼36% (wt/wt) cellulose and
23% (wt/wt) xylan (the main component of hemicellulose), which
together account for ∼92% (wt/wt) of total biomass sugars (33).
To release free glucose and xylose for in vitro hydrogen pro-
duction, two types of biomass pretreatments were used, cellulose
solvent- and organic solvent-based lignocellulose fractionation
(COSLIF) and dilute acid pretreatment (33). The pretreated
biomass resulting from both procedures was then hydrolyzed by a
commercial cellulase/hemicellulase mixture (Novozymes Cellic
Ctec2) to maximize the release of C6 and C5 sugars.
Using the four-module in vitro enzyme cascade (Fig. 1), hy-

drogen was produced at high yields from corn stover hydrolyzate
after both COSLIF (Fig. 2A) and dilute acid pretreatments (Fig.
S1). The composition of each type of biomass is included in
Table S2. Remarkably, there was ∼100% conversion of the glucose
and xylose components of the COSLIF hydrolyzate into hydrogen
after 78 h at 40 °C. (Yield was calculated to be 101.87% based on
hydrogen productivity data and starting hydrolyzate composition;
analysis of the reaction mixture after hydrogen production in-
dicated no detectable glucose or xylose remained.) The maximum
volumetric hydrogen productivity was 2.3 mmol·L−1·h−1.
Due to the presence of multiple hydrogen productivity max-

ima, additional experiments were conducted to determine the
extent to which coutilization of glucose and xylose took place.
The experiments based on glucose only, xylose only, and a combi-
nation of these substrates were run under the same experimental

conditions as those based on the pretreated biomass hydrolyzate
(Fig. 2B). All experiments were conducted on a standardized
basis corresponding to relative COSLIF hydrolyzate concentra-
tions: 2.7 mM glucose and/or 0.49 mM xylose. When glucose was
the sole sugar source, maximum productivity was observed at
∼1.2 h. Xylose conversion did not show a strong productivity
peak, but instead exhibited a steadily increasing rate of hydrogen
production. When glucose and xylose were combined, two peaks
were again observed, as in the case of using the pretreated bio-
mass. Furthermore, the initial peaks for pretreated biomass and
the combination of glucose and xylose corresponded to the glu-
cose productivity peak. These two sets of conditions also shared
a second productivity peak, at 12–18 h. A similarly shaped curve
also resulted when dilute acid-pretreated biomass was the sugar
source (Fig. S1). Together, these results suggest that glucose and
xylose were efficiently converted by the in vitro synthetic enzy-
matic pathway and that only small inhibitory effects, i.e., slight
changes in curve shapes, were observed between the use of de-
fined sugar substrates and the biomass hydrolyzate.

Kinetic Enzymatic Model Update and Global Sensitivity Analysis. Key
metrics for the improvement of this in vitro enzymatic pathway
are product yield, volumetric productivity, and minimization of
the amounts of enzyme used. To probe more deeply into the
rate-limiting steps, a kinetic model of a simplified pathway, con-
sisting of only the third and fourth modules (the pentose phosphate
pathway and hydrogenation, not hydrolysis and phosphorylation),
was used to investigate the effects of the loading concentration of
each enzyme on yield and maximum hydrogen productivity. In ad-
dition, this shortened pathway eliminated the sole mesophilic en-
zyme of the pathway, PPGK, allowing rate enhancement experi-
ments to be conducted at an elevated temperature.
The kinetic model originally developed for this system de-

scribed mesophilic enzymes operating at 32 °C and was built with
a set of modified Michaelis–Menten equations (SI Description of
Models and Algorithms). In the original modeling work per-
formed by Ye et al. (34), literature values of kcat and Km were
adjusted to fit experimental data. Variation of the equilibrium
and inhibition constants (Km and KI, respectively) due to tem-
perature was not considered here; these were held constant from
the results of the previous study. Instead emphasis was placed on
updating Vmax parameters, which are the product of kcat, the
enzyme turnover number, and the enzyme concentration, [E].
The Vmax parameter of each enzyme in the pathway was adjusted
in this modeling study to update the model for operation at 50 °C
with thermophilic enzymes. Thirteen datasets were used to de-
velop 12 revised Vmax parameters. After ∼1,000 iterations, the
genetic algorithm achieved an acceptable fit to the experimental
data obtained under a variety of different enzyme loadings (Fig.
S2; revised parameters are included in Table S3 and comparison
with experimental values is included in Table S4).
With an updated model capable of describing a range of dif-

ferent enzyme loadings, GSA was conducted to determine the
most important enzyme loading concentrations for maximum
rate and yield of hydrogen. The results of these analyses are
given in Table 1, and an in-depth description of GSA methods
and their resulting indexes are given in SI Description of Models
and Algorithms. Maximum productivity GSA results show that
(i) the hydrogenase enzyme concentration has the greatest im-
pact on determining the maximum rate of hydrogen production,
(ii) G6PDH concentration has the second greatest impact,
(iii) the concentration of 6PGDH is also relevant under certain
conditions, and (iv) the concentrations of the other enzymes do
not play a significant role in maximum rate determination. Yield-
based GSA analysis also showed that the concentration of the
hydrogenase enzyme had the most impact, with the transketolase
having the second largest effect. However, in terms of hydrogen

Fig. 2. (A and B) Hydrogen production from pretreated biomass (A) and key
component sugars glucose, xylose, and a combination of the two (B). The
shared first peak indicates initial fast rates associated with glucose utiliza-
tion, due to a combination of fast phosphorylation reactions and immediate
NADPH production. Initial production slows as metabolic intermediates ap-
proach equilibrium. Xylose is consumed at a slower rate, due to the in-
creased number of enzymatic steps required to produce reducing equiva-
lents of NADPH.
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yield almost all enzymes of the pathway had a significant albeit
smaller effect (Table 1).

High-Speed Hydrogen Production: Modeling and Experimental
Validation. A model simulation study was conducted where the
concentration of each of the 11 enzymes was varied on a unit
loading basis from 0% to 100%, with the balance of the enzyme
mixture evenly divided among the other enzymes on a unit basis.
The maximum rate was plotted for each set of enzyme loadings,
resulting in a set of relationships showing the relative effect of
each enzyme (Fig. S3). The trends for the optimum loadings for
individual enzymes agreed with GSA predictions of their effects
on maximum rate. Hence, although most enzymes had an opti-
mal loading of less than 5%, both G6PDH and hydrogenase were
predicted to be required in much higher loading amounts to
achieve maximum hydrogen productivity. The simulation studies
with these two enzymes were selected for further comparison
with the experimental results to validate the updated kinetic
model. Maximum rates were obtained from experiments where
either G6PDH or hydrogenase loading was varied (defined as a
percentage of total enzyme loading), with the balance divided
evenly between the other enzymes. As shown in Fig. 3, the pre-
dicted effects of these two enzymes were confirmed, thereby
validating the utility of the updated kinetic model in predicting
optimal concentrations of mixtures of enzymes participating in
a synthetic pathway.
A genetic algorithm was then applied to the updated kinetic

model to determine optimal enzyme concentrations for the
maximum hydrogen production rate. To stay within the regime
where the model predicts well-defined behavior, the maximum
enzyme concentrations used in the experimentally validated runs
were used as upper limits. Remarkably, the resulting set of en-
zyme concentrations was predicted to result in a maximum rate
that was three times that of the standard enzyme loadings and
twice that of the highest experimental validation run. The sets of
standard and optimized enzyme concentrations are included in
Table S1. Importantly, the experimental results were very close
to matching the predicted maximum hydrogen production rate of
32 mmol·L−1·h−1 (Fig. 4A). This rate, threefold that of the initial
case, was achieved using a substrate loading of 2 mM hexose. An
additional rate increase of 69% to 54 mmol·L−1·h−1 was achieved
by increasing the total enzyme loading threefold, increasing the
substrate loading to 100 mM glucose 6-phosphate, and raising
the temperature from 50 °C to 60 °C (Fig. 4B).
The optimized enzyme loadings were then applied to enzy-

matic hydrolyzate of pretreated biomass, resulting in an increase
in maximum volumetric hydrogen productivity of 45% compared

with the high-yield case (Fig. S5). Although significant, this
maximum rate increase was much less than was observed for the
utilization of g6p. Additional experiments showed that hydroly-
zate inhibitors were responsible for a 25% reduction in maxi-
mum reaction rate (Fig. S6). These experiments are discussed in
more detail in SI Description of Models and Algorithms.

Discussion
The future of clean energy depends on innovative breakthroughs
in the design of cheap, sustainable, and efficient systems for the
harvesting, conversion, and storage of renewable energy sources.
Sugar-based hydrogen systems catalyzed by in vitro synthetic
biosystems offer a promising solution to meet these needs. Sev-
eral challenges remain for in vitro enzyme systems to become a
commercially viable means of producing hydrogen from carbo-
hydrates. These include replacing the expensive and labile co-
factor NADP+ with a cheap and stable biomimetic, replacing key
unstable enzymes (e.g., PPGK, PGM), using cheap and abundant
substrates, and achieving hydrogen production at high rate and
yield. The first two challenges, use of biomimetic cofactors and
improving enzyme stability, may be addressed through the dis-
covery of more thermoenzymes, enzyme engineering, and im-
mobilization (16, 35). This study has addressed the latter two
challenges, using cheap biomass sugars in a high-yield reaction
and increasing the volumetric productivity.
Volumetric productivity of hydrogen is essential to industrial

scale-up. The reaction rate of 54 mmol hydrogen per hour per
liter achieved here equals 3.7 W/L, ∼15 times the maximum
photohydrogen rate (36, 37). This productivity is comparable to
those of industrial biogas and hydrogen production (13). In the
past decade, in vitro enzymatic hydrogen generation has been
enhanced from 0.21 mmol·L−1·h−1 to 54 mmol·L−1·h−1, an im-
provement of more than 250-fold. It is expected that enzymatic
hydrogen generation rates could be further increased by raising
the reaction temperature to 80 °C or higher, using substrate-
channeling synthetic metabolons (38), and through the dis-
covery and use of more highly active enzymes and biocatalytic
modules (16, 39). High-speed hydrogen production powered by

Table 1. Global sensitivity analysis results

Rate-based GSA Yield-based GSA

Enzyme S1 ST S1 ST

G6PDH 0.305 0.418 0.044 0.188
6PGDH 0.103 0.156 0.056 0.256
Ru5PE 0.001 0 0.024 0.234
R5PI 0.001 0 0.024 0.23
TK 0.001 0 0.05 0.334
TAL 0.001 0 0.023 0.253
TIM 0.001 0 0 0.22
ALD 0.001 0 −0.005 0.001
FBP 0.001 0 −0.003 0.006
PGI 0.001 0 0.003 0.097
H2ase 0.463 0.578 0.143 0.458

S1 is the first-order sensitivity index, and ST is the total effect index. The
results of two different sets of simulations are shown: the relative effect of
each enzyme loading on maximum hydrogen production rate and yield.

Fig. 3. (A and B) Model-predicted optimal single-enzyme loading concen-
trations compared with experimental data for G6PDH (A) and hydrogenase
(B) (outliers removed; see Fig. S4 for complete data).
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biomass-derived sugars along with independence from environ-
mental changes such as sunlight variation (40) suggests that in
vitro synthetic pathways have great potential for large-scale in-
dustrial production in the future.
The updated Vmax kinetic parameters determined by fitting

experimental data of glucose-6-phosphate to hydrogen at 50 °C
were generally in agreement with previous results and literature
values (34) (determined at 32 °C), although Vmax changes for TK,
TAL, and PGI were significantly different. Given the other
complex and nonlinear factors affecting enzyme-catalyzed reac-
tion rates, such as mass transport, protein–protein interactions,
substrate channeling, and macromolecular crowding (41–44), the
updated Vmax values given here appear reasonable. The efficacy
of this model was clear, as the maximum reaction rate was dra-
matically increased without changing total enzyme loading, sub-
strate concentration, or temperature, demonstrating the utility of
such models for metabolic engineering of in vitro synthetic bio-
systems. The use of this model with GSA also proved effective in
suggesting nonobvious engineering strategies to improve both the
rate and time-constrained yield of the in vitro system.
In addition to potential low-cost product separation, the pro-

duction of hydrogen from enzymes in aqueous solution has an-
other significant advantage over other biofuels—the utilization
of low-concentration (and thus lower cost) sugar substrates. For
example, for energy-efficient ethanol distillation, it is important
to produce more than 4% (wt/vol) ethanol in the fermentation
broth, meaning the initial sugar concentration should be more
than 9% (wt/wt). In contrast, hydrogen gas can be separated
easily from an aqueous sugar solution regardless of its concen-
tration. There is no need for a sugar reconcentration step, which
greatly reduces processing costs from biomass hydrolyzate sub-
strates and avoids inhibition from fermentation products and/or
potentially toxic compounds from biomass hydrolyzate.
Here the complete conversion of biomass sugars to hydrogen

and the simultaneous coutilization of glucose and xylose by an
in vitro synthetic pathway were demonstrated. In this pathway
cellulose and hemicellulose were first completely converted to
glucose and xylose, which in turn served as substrates for phos-
phorylation and hydrogen generation, using an enzyme mixture.
In preliminary experiments we attempted simultaneous sac-
charification and hydrogen production but this required com-
promising the pH optimum of either the hydrogen-producing
enzyme mixture (pH optimum of 7.5) or the cellulase–hemicellulase
mixture (pH optimum of 4.8). Separating the two processes allowed
for more careful control of each system. However, combining
these process steps is a logical step forward to minimize production
costs. A more advanced and likely more efficient integrated
approach could make use of cello-oligomer phosphorylases. For
example, a cellulase phosphorylase could use the energy of gly-
cosidic bond hydrolysis to catalyze phosphorylation of long chain

cellulose molecules, although so far such an enzyme has yet to be
discovered or engineered.

Materials and Methods
Chemicals and Strains. All chemicals were reagent grade and were purchased
from Sigma-Aldrich or Fisher Scientific, unless otherwise noted. Protein ex-
pression was conducted using Escherichia coli BL21 Star (DE3) (Invitrogen) in
LB medium, with either 100 μg/mL ampicillin or 50 μg/mL kanamycin. Xylose
isomerase (G4166) from Streptomyces murinus was purchased from Sigma.
Fungal cellulase (Cellic Ctec-2) was donated by Novozymes. Pyrococcus fur-
iosus hydrogenase SH1 was provided by Michael W. W. Adams (45).

Biomass Preparation. Dilute acid-pretreated corn stover was provided by the
National Renewable Energy Laboratory (NREL) (Golden, CO). Dilute sulfuric
acid-pretreated corn stover was produced in a pilot-scale continuous vertical
reactor at 190 °C, with an acid loading of 0.048 g acid per gram dry biomass,
a 1-min residence time, and a 30% (wt/wt) total solid loading, using pro-
cedures discussed elsewhere (33). COSLIF was conducted as described pre-
viously (46). Glucan and xylan contents of biomass were determined using
the modified NREL laboratory analysis procedure for the determination of
structural carbohydrates in biomass (47). Enzymatic hydrolysis was con-
ducted separately, before in vitro conversion to hydrogen, according to the
NREL laboratory analytical procedure entitled “enzymatic saccharification of
lignocellulose biomass.”

Production and Purification of Recombinant Enzymes. All enzymes used in this
study (and their abbreviations) are listed in Table S1. Expression vectors were
incorporated by heat shock, and colonies were grown on agar plates with
the appropriate antibiotic overnight. Colonies were chosen for inoculation
in 5 mL LB seed cultures and cell growth was conducted at 37 °C overnight.
Seed cultures were used as 1% inoculum in 200 mL LB cultures containing
50 μg/mL kanamycin or 100 μg/mL ampicillin. Cultures were incubated at
37 °C in a rotary shaker at 250 rpm until absorbance at 600 nm reached 0.6–
0.8, at which point protein expression was induced by adding isopropyl-β-D-
thiogalactopyranoside (IPTG) to a final concentration of 0.01–0.1 mM. Ex-
pression was conducted at 37 °C for 4 h or at 18 °C for 20 h. Cells were
centrifuged at 4 °C, washed twice with 50 mM Tris·HCl buffer (pH 7.5), and
resuspended in 15 mL of 30 mM Hepes buffer (pH 7.5) containing 0.5 M NaCl
and 1 mM EDTA. Cell lysis was conducted using sonification in an ice bath.
Lysate was centrifuged, and target proteins were recovered from the su-
pernatant using His-tag purification, CBM-intein self-cleavage, ethylene
glycol elution of CBM-tagged enzyme, or heat treatment. For additional
purification and enzyme activity assay details, see Table S1 (20, 48).

In Vitro Enzyme Mixture. Biomass and g6p conversion experiments were
carried out using the enzyme loadings listed in Table S1. All enzymes were
stored in 50% (wt/wt) glycerol at −20 °C, except for xylose isomerase, which
was stored at 4 °C. To prepare for the reaction, appropriate volumes of each
purified enzyme were combined and diluted to 0.1% glycerol with the addition
of 20 mM Hepes buffer (pH 7.0) and then reconcentrated with 10,000 MWCO
Amicon centrifuge filters from Millipore. Final reaction buffer was adjusted to
a 100-mM Hepes (pH 7.5) buffer containing 4 mM NADP+, 0.5 mM thyamine
pyrophosphate, 10 mM MgCl2, 0.5 mM MnCl2. and 4 mM polyphosphate [(Pi)6,
sodium hexametaphosphate]. A total of 28 mg of immobilized XI per 1 mL of
the reaction volume was placed in the reaction vessel, followed by addition of
all enzymes plus final reaction buffer. To protect against microbial growth,
50 μg/mL of kanamycin was added. Substrate (enzymatic biomass hydrolyzate
or g6p) was added to start the reaction. Pretreated biomass was added as a
slurry and g6p was added in solution. All reactions were conducted at an end
substrate concentration of 2 mM g6p or a loading of approximately equivalent
theoretical hydrogen yield of 2 mM glucose, for pretreated biomass. The re-
actor was sealed and the solution was agitated with a magnetic stir bar.
Temperature, carrier gas flow rate, and hydrogen signal were monitored con-
tinuously throughout all experiments.

System for Hydrogen Detection. Experiments were conducted in a continuous-
flow system purged with 30 mL/min ultrapure nitrogen (Airgas). Hydrogen
evolution was detected with a tin oxide thermal conductivity sensor (Figaro TGS
822) previously calibrated with in-line flow controllers and ultrapure hydrogen
(Airgas) (20, 48). For biomass conversion, the reactor and condenser were
maintained at 40 °C and 21 °C, respectively, which were controlled by recircu-
lation thermal baths of distilled water (Fisher Scientific; Isotemp Refrigerated
Circulator Bath Model 3016D). For g6p experiments, the reactor and condenser
were maintained at 50 °C and 19 °C, respectively. Data acquisition was

Fig. 4. (A) Rate enhancement was achieved by adjusting relative enzyme
loadings while keeping other experimental parameters constant, as predicted by
the kinetic model. (B) This rate was increased by a further 68% by increasing the
reaction temperature, substrate loading, and cofactor concentration.
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conducted with a DAQ USB-6210 (National Instruments) and analyzed by Lab-
View SignalExpress 2009 (National Instruments).

Kinetic Model, Genetic Optimization, and Global Sensitivity Analysis. The ki-
netic model used here was originally developed by Ye et al. (34). New kinetic
parameters were calculated by minimizing the difference between 13 sets of
experimental data and simulated hydrogen production under the same re-
spective conditions. Experimental runs were conducted with a loading of
1 unit/mL reactor volume (standard conditions), as well as each of the fol-
lowing separate variations: 10 units/mL G6PDH, 2 units/mL hydrogenase,
2 units/mL R5PI, 2 units/mL Ru5PE, 2 units/mL TAL, 2 units/mL TIM, 2 units/mL
ALD, and 30% G6PDH (in this last case, this translates to 3.3 units/mL G6PDH
and 0.77 units/mL of all other enzymes). A genetic algorithm was used to
determine the best fit of the kinetic parameters. Details of the algorithm are
as follows: Generations contained 30 chromosomes (each of which contained a
vector of kinetic parameters, referred to as genes for this discussion), BLX-α
crossover and nonuniform mutation operators were used to exchange genetic
information and create new chromosomes (50% of the population), the top
25% of the population was reproduced, and 25% of each population was
generated randomly. The genetic algorithm was run for 1,000 generations,
which was more than sufficient to achieve convergence.

In GSA, stochastic simulations were used to calculate model output (hy-
drogen production rate or yield) based on inputs (enzyme loading amounts)

over the entire range of parameter values. Then each input was assessed
using a variance-based method (31), wherein the contribution of each input
parameter to the total variance of the output was used to estimate global
sensitivity. GSA calculates first-order (S1) and total effect (ST) indexes. The
former describes the global influence of the variable itself, and the latter
takes into account interactions with all other variables (29). Both algorithms
are discussed in further detail in SI Description of Models and Algorithms. All
calculations were performed using MATLAB (R2013A) (MathWorks).
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