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The global demand for food could double in another 40 y owing to
growth in the population and food consumption per capita. To meet
the world’s future food and sustainability needs for biofuels and
renewable materials, the production of starch-rich cereals and cellulose-rich bioenergy plants must grow substantially while minimizing
agriculture’s environmental footprint and conserving biodiversity.
Here we demonstrate one-pot enzymatic conversion of pretreated
biomass to starch through a nonnatural synthetic enzymatic pathway composed of endoglucanase, cellobiohydrolyase, cellobiose
phosphorylase, and alpha-glucan phosphorylase originating from
bacterial, fungal, and plant sources. A special polypeptide cap in
potato alpha-glucan phosphorylase was essential to push a partially
hydrolyzed intermediate of cellulose forward to the synthesis of
amylose. Up to 30% of the anhydroglucose units in cellulose were
converted to starch; the remaining cellulose was hydrolyzed to glucose suitable for ethanol production by yeast in the same bioreactor.
Next-generation bioreﬁneries based on simultaneous enzymatic biotransformation and microbial fermentation could address the food,
biofuels, and environment trilemma.
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he continuing growth of the population and food consumption per capita means that the global demand for food could
increase by 50–100% by 2050 (1, 2), and ∼30% of the world’s
agricultural land and 70% of the world’s fresh water withdrawals
are being used for the production of food and feed to support 7
billion people (3, 4). Starch is the most important dietary component because it accounts for more than half of the consumed
carbohydrates, which provide 50–60% of the calories needed by
humans. Starch is composed of polysaccharides consisting of a
large number of glucose units joined together primarily by alpha1,4-glycosidic bonds and alpha-1,6-glycosidic bonds. Linear-chain
amylose is more valuable than branched amylopectin because it
can be used as a precursor for making high-quality transparent,
ﬂexible, low-oxygen-diffusion plastic sheets and ﬁlms (5, 6); tailored functional food or additives for lowering the risk of serious
noninfectious diseases (e.g., diabetes and obesity) (7, 8); and
a potential high-density hydrogen carrier (9–11). Also, it is easy to
convert linear amylose to branched amylopectin by using alphaglucan–branching glycosyltransferase (12).
Cellulose, a linear glucan linked by beta-1,4-glycosidic bonds, is
the supporting material of plant cell walls and the most abundant
carbohydrate on Earth. The annual resource of cellulosic materials
is ∼40 times greater than the starch produced by crops cultivated
for food and feed. In addition, (perennial) cellulosic plants and
dedicated bioenergy crops can grow on low-quality land, even on
marginal land, and require fewer inputs such as fertilizers, herbicides, pesticides, and water, whereas annual high-productivity
starch-rich crops require high-quality arable land, enough water,
and high inputs (4, 13). Every ton of cereals harvested is usually
accompanied by the production of two to three tons of cellulosewww.pnas.org/cgi/doi/10.1073/pnas.1302420110

rich crop residues, most of which are burned or wasted rather than
used for cellulosic bioreﬁneries (4, 14).
The cost-effective transformation of nonfood cellulose to starch
could revolutionize agriculture and reshape the bioeconomy, while
maintaining biodiversity, minimizing agriculture’s environmental
footprint, and conserving fresh water (4, 15). This transformation
would not only promote the cultivation of plants chosen for rapid
growth rather than those optimized for starch production, but it
would also efﬁciently use marginal land for the production of the
biomass required to meet the increasing needs for biofuels and renewable materials (4, 16–18). Some cellulolytic microorganisms can
accumulate microbial glycogen, but maximum glycogen yields are very
low, for example, 2–4% (wt/wt) (19, 20). These low yields are due
mainly to the fact that the majority of the carbon source is used for the
synthesis of cell mass rather than of glycogen (19, 20). Researchers in
the ﬁeld of synthetic biology wish to develop high-yield, glycogenaccumulating cellulolytic microorganisms, but this task remains challenging because of their complicated cellular systems (17).
The cost-effective release of soluble fermentative sugars from
cellulosic materials through enzymatic hydrolysis is essential in
second-generation cellulosic bioreﬁneries (21). In enzymatic hydrolysis, a soluble hydrolytic intermediate, cellobiose, a major product of
cellobiohydrolases (CBHs; EC 3.2.1.91), is rapidly hydrolyzed to
glucose by adding excessive beta-glucosidase (BG) to prevent
product inhibition of CBHs and endoglucanases (EGs; EC 3.2.1.4).
Glucose cannot be used directly for the synthesis of starch because
of the required energy input for the formation of alpha-1,4glycosidic bonds among the glucose units. For example, in vivo
starch and glycogen are usually synthesized from activated
precursors such as ADP-glucose in plants and UDP-glucose in
animals (22).
In vitro synthetic biology enables the rapid construction of
nonnatural enzymatic pathways and often has more appealing
advantages, such as higher product yields, faster reaction rates,
and better tolerances to toxic compounds, than those mediated by
living organisms (10, 23–31). Here we design a cell-free biosystem
composed of a synthetic enzymatic pathway that can transform
solid cellulose into amylose in high yields. This pathway is composed of several extracellular hydrolytic enzymes and two intracellular enzymes. These enzymes are separated by the cellular
membrane in natural systems. A bioprocess called simultaneous
enzymatic biotransformation and microbial fermentation (SEBF)
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was developed to coproduce amylose, ethanol, and single-cell
protein in one bioreactor to meet different needs from (tailored)
food and feed to renewable materials and biofuels.
Results
We designed an enzymatic pathway that can transform cellulose
to amylose (Fig. 1A). This pathway has two modules: (i) partial
hydrolysis of cellulose to cellobiose by optimizing the CBH and
EG composition and ratio and (ii) amylose synthesis using a glycoside hydrolase family 9 cellobiose phosphorylase (CBP; EC
2.4.1.20) and a glycosyltransferase family 35 alpha-glucan phosphorylase (αGP; EC 2.4.1.1). In this system, CBP reversibly
converts cellobiose to glucose-1-phosphate (G-1-P) and glucose
in the presence of phosphate ions, the special αGP adds one glucose unit from G-1-P at the nonreducing end of amylose or maltodextrins, and phosphate ions are recycled to maintain nearly
constant pH and phosphate levels (Fig. 1A).
Five cellulase components were used to optimize the cellulose
degradation and hydrolysis product distribution of the pretreated
Avicel regenerated amorphous cellulose (RAC). These cellulases
included two EGs, glycoside hydrolase family 5 Bacillus subtilis
endoglucanase (BsCel5) and Trichoderma spp. endoglucanase II
(TrCel5A), and three CBHs, family 7 Trichoderma spp. cellobiohydrolase (TrCel7A), family 9 Clostridium phytofermentans
cellobiohydrolase (CpCel9), and family 48 C. phytofermentans
cellobiohydrolase (CpCel48) (32). All recombinant enzymes were
produced in Escherichia coli BL21 (DE3) and puriﬁed to homogeneity (Fig. S1A), except for the Trichoderma enzymes, which
were purchased. The sole cellulase component did not efﬁciently
hydrolyze pretreated cellulose, whereas combinations of an EG
and a CBH led to higher cellulose degradation (Table S1). However,

the distribution of soluble products from glucose to cellotriose
varied greatly, depending on the enzyme combination (Fig. S1B
and Table S2). Based on the cellobiose yield and the cellulose
degradation (Fig. S1C and Table S1), the best cellulase combination was bacterial BsCel5 and fungal TrCel7A.
A combination of the Clostridium thermocellum CBP (33, 34)
and the special αGP was used for the synthesis of amylose from
cellobiose. Although building blocks for in vitro synthetic biology
projects are highly interchangeable (28), we found that whether
amylose was synthesized from cellobiose depended on the choice
of αGP. Three αGPs, one from potato (Solanum tuberosum) and
two thermophilic bacteria, C. thermocellum (35) and Thermotoga
maritima, were tested. Among them, only the potato αPG (PGP)
was able to drive the reversible reactions mediated by CBP and
αGP toward the synthesis of amylose.
The one-pot transformation of RAC to amylose was implemented by four enzymes, BsCel5, TrCel5A, CBP, and PGP, in
0.5 mL of reaction volume (Fig. 1B). The RAC slurry (Fig. 1B,
tube 1) was completely hydrolyzed and then converted into amylose (tube 3). The synthetic amylose exhibited a deep blue color
in the presence of iodine (tube 4), whereas the negative control
(cellulose/iodine) was yellow (tube 2). The soluble amylose was
precipitated by the addition of ethanol (tube 5). The amylose
yield was 14.4% (wt/wt) (i.e., 0.144 g of amylose per gram of
cellulose), and the number-average degree of polymerization
was ∼150. The addition of glucose oxidase to remove glucose,
a strong inhibitor of CBP, resulted in a yield increase to 30.0%
(wt/wt) (tube 6) (Fig. S2). However, the use of glucose oxidase
resulted in a net loss in glucose (36). The number-average of
degree of polymerization varied from 140 to 250, depending on
the amount of maltotetraose added and cellobiose availability

Fig. 1. The enzymatic cellulose hydrolysis using endoglucanases (EGs), cellobiohydrolases (CBHs) and beta-glucosidase (BG) in cellulosic ethanol bioreﬁnery
versus the synthetic cellulose-to-amylose pathway supplemented with cellobiose phosphorylase (CBP) and potato alpha-glucan phosphorylase (PGP) (A).
Characterization of synthetic starch by iodine dyeing (B), CP/MAS 13C-NMR (C), and FTIR (D). Tube 1, cellulose-suspended solution; tube 2, cellulose solution
plus iodine/potassium iodide; tube 3, water-soluble synthetic starch solution made from cellulose mediated by the four- enzyme mixture; tube 4, synthetic
starch solution plus iodine/potassium iodide; tube 5: precipitated starch by ethanol addition; and tube 6, precipitated starch when the mixture was supplemented with glucose oxidase.
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Fig. 2. A phylogenetic tree for the selected alpha-glucan phosphorylases.
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Fig. 3. Homology structure comparison between PGP (cyan) and Thermotoga
maritima alpha-glucan phosphorylase (purple) (A) and photos of starchsynthesizing ability (B) from cellobiose mediated by CBP and wild-type PGP
(tube 1), partially decapped PGP (tube 2), or completely decapped PGP (tube 3).

compared in Table 1. The removal of the cap of PGP decreased
the kcat/Km values from 3.33 to 0.43 mM− 1·s−1 in the starch
synthesis direction and from 0.55 to 0.06 mM−1·s−1 in the starch
degradation direction. Compared with the C. thermocellum αGP,
PGP has a higher kcat/Km value in the synthesis direction and
a lower kcat/Km in the degradation direction, suggesting that wildtype PGP has a preferred function for starch synthesis to degradation. Additionally, PGP has a lower activation energy for
synthesis and a high activation energy for degradation. This result
suggests the importance of identifying the correct building blocks
for in vitro synthetic biology systems.
To achieve selective recycling of CBP and PGP from the enzymatic cellulose hydrolysate and fermentation broth, we also
developed a simple enzyme puriﬁcation and coimmobilization
process using Avicel-containing nanomagnetic particles (A-NMPs)
(Fig. 4). A-NMPs with a diameter of 400–600 nm were synthesized
(Fig. 4A) according to the modiﬁed solvothermal synthesis method
(37). Family 3 cellulose-binding module (CBM3)–containing proteins (e.g., CBM3-containing green ﬂuorescent protein) can be
bound tightly on the surface of A-NMPs because of the highafﬁnity adsorption of CBM3 on the surface of cellulose. The
immobilized CBM3-containing enzyme or complex on A-NMPs
can be easily separated from the aqueous solution using a magnetic
ﬁeld (Fig. 4B). We produced three recombinant proteins in E. coli
BL21 (DE3): miniscaffoldin (38), CtDoc-LL-PGP, and CBPRfDoc (Tables S4 and S5). The synthetic protein miniscaffoldin
contained one CBM3, one cohesin module from CipA of C. thermocellum, one cohesin module from CbpA of Clostridium cellulovorans, and one cohesin module of ScaB from Ruminococcus
ﬂavefaciens in tandem (38). CtDoc-LL-PGP was composed of a C.
thermocellum dockerin and PGP linked by a long linker. CBPRfDoc was composed of C. thermocellum CBP and a R. ﬂavefaciens
dockerin. Because of the high-afﬁnity interaction among cohesins
and dockerins, the three proteins can be self-assembled as an enzyme complex (Fig. 4C). Therefore, we prepared the immobilized
CBP–PGP complex on A-NMPs by mixing three cell extracts with
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(Table S3), where maltotetraose was used as the primer for amylose
synthesis catalyzed by PGP. Synthetic amylose was validated by
the hydrolysis of glucoamylase, followed by a hexokinase-based
glucose assay, cross-polarization magic-angle spinning 13C-NMR
(Fig. 1C), and FTIR (Fig. 1D). Cellulose exhibited completely
different C1 and C4 peaks compared with the amylose standard
and synthetic amylose (Fig. 1C). In the FTIR (Fig. 1D), the bands
at 930 and 860 cm−1 are typical signatures of alpha-1,4–linked
amylose. The band at 896 cm−1, a signature of beta-1,4–linked
cellulose, was not observed in the starch samples. The above evidence suggests that amylose was synthesized from cellulose.
Among the three tested αGP proteins, only PGP can synthesize
amylose from cellobiose. A Basic Local Alignment Search Tool
search of the PGP sequence against protein databases of various
model species from bacteria to humans identiﬁed the related
proteins. Comparison of these sequences indicated that the residues involved in substrate binding and catalysis were fairly conserved among all αGP sequences. Phylogenetic analysis suggests
that these αGP enzymes evolved from a common ancestor, and
the enzymes from the original plant were evolutionally conserved
(Fig. 2). The C. thermocellum αGP and the T. maritima αGP were
highly similar to each other but were far different from PGP. We
built homology structure models for all αGPs and observed that
PGP and four other plant αGPs (Ipomoea batatas, Spinacia oleracea, Oryza sativa, and Triticum aestivum) had a special cap on
their catalytic site that was absent in all bacterial αGPs and other
plant αGPs (e.g., Zea mays and Arabidopsis thaliana). Fig. 3A
illustrates the major structural difference between PGP and T.
maritima αGP. Therefore, we hypothesized that the polypeptide
cap on the catalytic site of PGP was responsible for driving lowconcentration G-1-P toward the synthesis of amylose. We
designed two PGP mutants; one had a part of the polypeptide
cap removed and the other did not have the cap at all (Fig. S3
and Tables S4 and S5). In the buffer containing cellobiose and
CBP, the partially decapped PGP (PDC-PGP) had decreased
amylose synthesis ability compared with wildtype (Fig. 3B,
tube 2), whereas the completely decapped PGP (CDC-PGP) lost
this ability completely (Fig. 3B, tube 3). The Km and kcat values of
PGP, PDC-PGP, CDC-PGP, and C. thermocellum αGP are

Table 1. Comparison of potato alpha-glucan phosphorylase and mutants and a thermophilic C. thermocellum alpha-glucan
phosphorylase
Amylose degradation†

Amylose synthesis*

Name
PGP
PDC-PGP
CDC-PGP
CthαGP

kcat, s−1
5.83
4.88
0.95
6.6

±
±
±
±

0.34
0.27
0.11
0.3

Km,‡ mM

kcat/Km,
mM−1·s−1

Ea,§
KJ/moL

±
±
±
±

3.33
2.54
0.43
3.50

18.3
14.4
13.4
50.6

1.76
1.92
2.22
1.9

0.18
0.21
0.41
0.2

kcat, s−1
0.90
0.83
0.19
8.1

±
±
±
±

0.11
0.09
0.04
0.2

Km,‡ mM

kcat/Km,
mM−1·s−1

Ea,§
KJ/moL

kcat/Km
ratio,
syn/deg{

Ea ratio,
syn/deg{

±
±
±
±

0.55
0.38
0.06
21.0

59.7
26.6
20.7
16.8

6.5
5.9
5.0
0.8

0.31
0.54
0.65
3.01

1.64
2.20
3.11
0.39

0.13
0.21
0.23
0.01

*The activities were assayed at 37 °C in a 100 mM Hepes buffer (pH 7.4) containing 10 mM Mg2+, 20 mM G1P at maltodextrin (419672; Sigma; dextrose
equivalent of 4.0–7.0) concentrations between 0.2 and 5 times their respective Km values.
†
The activities were assayed at 37 °C in a 100 mM Hepes buffer (pH 7.4) containing 10 mM Mg2+ and 20 mM inorganic phosphate at various maltodextrin
concentrations between 0.2 and 5 times their respective Km values.
‡
The concentrations of maltodextrin were given as the molar concentration of the nonreducing ends.
§
The Arrhenius plot was depicted as ln(kcat) versus 1/T (K) and the activation energy (Ea) was calculated from the slope of the plot.
{
Syn/deg means synthesis/degradation.

A-NMPs followed by magnetic separation (Figs. S4 and S5). The
immobilized CBP–PGP enzyme complexes exhibited the same reaction rates as the noncomplexed CBP and PGP mixture (Fig. 4D),
suggesting that this enzyme coimmobilization did not impair enzymatic activity.
We developed a bioprocess, SEBF, that can transform pretreated biomass to amylose, ethanol, and yeast as single-cell protein in one bioreactor (Fig. 1A). This process may be regarded as
modiﬁed simultaneous sacchariﬁcation and fermentation (SSF) in

second-generation cellulosic bioreﬁneries, where beta-glucosidase
was replaced with immobilized CBP–PGP that can be easily recycled by a magnetic force. In the proof-of-concept SEBF experiment, we used a mixture of fungal TrCel7A, bacterial BsCel5, and
CpCel48 (32) for hydrolyzing pretreated biomass, such as RAC, and
diluted acid (DA)-pretreated and cellulose solvent- and organic
solvent-based lignocellulose fractionation (COSLIF)-pretreated
corn stover (39). In this system, nonused glucose units generated
from the cellulases and CBP were assimilated by ethanol-producing

Fig. 4. Transmission electron microscopic image of Avicel-containing nanomagnetic particles (A-NMPs) (A), photos of A-NMPs that bind with a CBM3-tagged
green ﬂuorescent protein under magnet (B), the scheme of coimmobilized PGP and CBP on the A-NMPs (C), and starch synthesis rate comparison based on
glucose formation between the coimmobilized PGP–CBP and the noncomplexed PGP and CBP mixture (D).
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Discussion
This cellulose-to-amylose biotransformation could be scaled up by
increasing the stability of CBP and PGP and decreasing their
production costs in terms of cost per kilogram of enzyme (Fig. S6),
because this combined cellulose-hydrolyzing and starch-synthesizing
enzyme mixture did not involve any labile coenzymes [e.g., CoA and
NAD(P)] (Fig. 1A); no glucose released from the cellulose was
wasted (Fig. 1); only two more enzymes were added, and they can be
reused easily by a magnetic force (Fig. 4); and no energy or costly
reagents were added. When both CBP–PGP enzymes have total
turnover number (TTN) values of 2.6 × 106 mol of product per mole
of enzyme and their cost is 20 US dollars per kilogram of enzyme,
the extra enzyme cost compared with SSF in bioreﬁneries would be
1 cent per kilogram of amylose synthesized. When enzyme costs are
lower than $20/kg and/or TTN values are higher than 2.6 × 106, the
enzyme expenditure could be decreased drastically (Fig. S6). Wildtype thermophilic CBP has an estimated TTN value of ∼2 × 106 at
30 °C (34), whereas more stable engineered CBP by combining
directed evolution and rational design has an enhanced TTN value
of ∼2 × 107, by a factor of ∼10 (42). Wild-type PGP has an estimated
TTN value of ∼6 × 104 at 30 °C. Via directed evolution, a PGP
mutant has a nearly two orders of magnitude enhancement in TTN
values, being ∼1.7 ×106 (43). By considering the stability of immobilized glucose isomerase (29) and other immobilized thermophilic
enzymes (44), further stability improvement of CBP and PGP is
expected to be achieved by more rounds of mutagenesis plus enzyme immobilization soon. Another scale-up challenge could be
low-cost production of CBP and PGP. Considering the production
costs of bulk enzymes such as cellulase and protease (∼$10/kg) (45)
and relatively ﬁne enzymes used for biocatalysis (∼$100/kg) (30, 46),
the above economic analysis based on enzyme stability and enzyme
production costs could be feasible after more research and development efforts. In partial support of this, enzyme costs in the
enzymatic hydrolysis of starch are only 0.3–0.6 cents per kilogram of
starch hydrolyzed (29).

The theoretical yield of amylose from cellulose through this
synthetic pathway is 50%, higher than the yields that we currently
obtained. The practical amylose yield could be enhanced through
more cellobiose production by optimizing the cellulase mixture
composition and ratio, eliminating beta-glucosidase from the
commercial cellulase mixtures, optimization of CBP–PGP loading, improving PGP performance, process design (47), and biomass pretreatment conditions. For potential application, the
current amylose yields (e.g., 2–30%) in bioreﬁneries would be
acceptable because no sugar is wasted and the potential market
for synthetic starch as food and feed could be less than 1/10th
that of biofuels and biochemicals (4, 48).
Synthetic amylose has a variety of applications from high-value
to low-value products, depending on its quality and potential
market sizes. Top-quality amylose can be used as a chromatographic column matrix and drug capsule material in the pharmaceutical industry. Amylose can be used to make biodegradable
plastics; starch-based plastics already account for 50% of the bioplastic market (5). High-quality amylose is suitable for producing
transparent and ﬂexible low-oxygen-diffusion plastic sheets and
ﬁlms (6). Amylose is an important thickener, water binder, emulsion stabilizer, and gelling agent in the food industry. Food-grade
amylose can be blended with cereals and processed to high-amylose
tailored foods for meeting special dietary needs because highamylose wheat, corn, and rice have a much lower glycemic load.
The foods with lower glycemic loads can improve human health
and lower the risk of serious noninfectious diseases (e.g., diabetes
and obesity) (7, 8). Medium-quality amylose can be used as a
high-density hydrogen carrier for the enzymatic production of
starchy hydrogen, which could solve the challenges associated
with hydrogen production, hydrogen storage, infrastructure, and
safety concerns (9–11). After SEBF, low-quality amylose that is
mixed with yeast cells after centrifugation can be used directly as
animal feed for nonruminant animals, such as pigs and chickens,
for which yeast cells are currently a supplementary protein source.
To meet the growing needs for biofuels and renewable materials, as well as food and feed, whose production requires large
amounts of arable land, water, and energy, there is an urgent need
to use abundant and renewable nonfood agricultural and forest
residues and dedicated bioenergy crops that can grow on marginal
land and require low inputs. Future bioreﬁneries based on this
technology could help address the food, biofuels, and environment trilemma; decrease the impact of growing food and feed
consumption on the environment; provide more healthy food;
and promote the bioeconomy. Because in vitro building blocks
cannot duplicate themselves, the large-scale implementation of
cellulose-to-starch in future bioreﬁneries would not raise the
questions about ethics, biosecurity, and biosafety that are often
confronted by in vivo synthetic biology projects.
Materials and Methods
Chemicals and Materials. Cellobiohydrolase I (TrCel7A) and endoglucanase II
(TrCel5A) from Trichoderma spp. were purchased from Megazyme. All other
enzymes expressed in E. coli were puriﬁed and concentrated as described
elsewhere and in SI Materials and Methods. Insoluble regenerated amorphous cellulose (RAC) was prepared from Avicel PH105 (FMC) using concentrated phosphoric acid. Corn stover was obtained from the National

Table 2. The yields of synthetic amylose from various types of pretreated biomass at hour 12
Biomass type
RAC
COSLIF corn stover
DA corn stover

Solid concentration,
g/L

Cellulose content,
%

Cellulose degraded,
%

Amylose produced,
g/L

Amylose yield,
% (wt/wt)

20
38
80

100
45.7
53.7

77.2
49.4
14.7

3.82
1.97
0.13

24.7
23.0
2.1

Reported values are the averages of three measurements, where the SDs were less than 10%.
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Saccharomyces cerevisiae; the yeast can produce ethanol and
single-cell proteins because the yeast cannot use cellobiose and G-1-P
(40, 41); a mixture of 75 μM maltodextrins with a dextrose equivalent
of 16.5–19.5 was used for the primer for amylose synthesis.
Under the applied conditions, the amylose yields were 25%, 23%,
and 2% for RAC, COLISF-pretreated corn stover, and DA-pretreated corn stover at hour 12, respectively (Table 2). A lower
cellulose digestion yield was obtained for DA-pretreated biomass
because the homemade enzyme mixtures were optimized for efﬁcient hydrolysis of amorphous cellulose rather than of crystalline cellulose and hemicellulose- and lignin-containing biomass.
We also tested two commercial fungal enzyme mixtures, gifted by
Novozymes and Genencor, for the hydrolysis of pretreated biomass.
Much higher cellulose hydrolysis yields were obtained but ample
beta-glucosidase in the commercial cellulase mixtures rapidly converted cellobiose to glucose, resulting in very low yields of amylose.
After SEBF, immobilized CBP–PGP can be recycled and ethanol
can be separated by distillation; the precipitated synthetic amylose is
extracted using 1 M NaOH and precipitated by neutralization for
obtaining high-quality amylose. The yeast cells and the biomass
residuals remained in solid pellets.

Renewable Energy Laboratory. Experimental conditions for dilute sulfuric
acid pretreatment and COSLIF were described previously (39).
Simultaneous Enzymatic Biotransformation and Fermentation. Simultaneous
enzymatic biotransformation and fermentation was conducted under the following conditions: 100 mM Hepes buffer (pH 7.3) containing 20 g/L RAC, 38 g/L
COSLIF-pretreated corn stover or 80 g/L DA-pretreated corn stover, 0.2 mg/mL
BsCel5, 0.1 mg/mL CpCel48, 0.4 mg/mL commercial TrCel7A, 0.2 mg/mL A-NMPs
immobilized CtCBP–PGP enzyme complex, 10 mM phosphate, 75 μM maltodextrin
with a dextrose equivalent of 16.5–19.5, and yeast cells (ﬁnal OD 0.5). Pretreated
biomass was washed with water three times before use. Yeast cells were washed
three times with PBS buffer (24 g/L NaCl, 0.6 g/L KCl, 5.4 g/L Na2HPO4·2H2O, and
0.84 g/L KH2PO4) before mixing them with other components. The reactions were
1. Foley JA, et al. (2011) Solutions for a cultivated planet. Nature 478(7369):337–342.
2. Godfray HCJ, et al. (2010) Food security: The challenge of feeding 9 billion people.
Science 327(5967):812–818.
3. The World Economic Forum Water Initiative (2011) Water Security: The Water-FoodEnergy-Climate Nexus (Island Press, Washington, DC).
4. Zhang Y-HP (2013) Next-generation bioreﬁneries will solve the food, biofuels and
environmental trilemma in the energy-food-water nexus. Energy Sci Eng, 10.1002/
ese3.2.
5. van Soest JJG, Vliegenthart JFG (1997) Crystallinity in starch plastics: consequences for
material properties. Trends Biotechnol 15(6):208–213.
6. Frische R, Wollmann K, Gross-Lannert R, Schneider J, Best B (1994) US Patent 5374304.
Special amyloses and their use for producing biodegradable plastics.
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