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Starch is a vital global commodity for food and industry, yet its agricultural production is unsustainable, 
relying on inefficient photosynthesis, arable land, and stable climates. Meanwhile, the annual production 
of ∼180 million tons of cellulose primarily from crop residues is largely wasted through incineration or 
landfilling. While enzymatic saccharification efficiently depolymerizes cellulose into glucose, its conver-
sion to starch is fundamentally limited by the insufficient catalytic efficiency, poor substrate selectivity of 
key enzymes, and the reversibility of the core reactions they catalyze. Here, we optimized a cell-free 
three-enzyme cascade, designated the carbon-economical starch synthesis (CESS) pathway, to address 
this limitation. This in vitro cascade integrates three core enzymes: polyphosphate glucokinase (PPGK) 
for adenosine triphosphate (ATP)-free glucose activation, phosphoglucomutase (PGM), and a-glucan 
phosphorylase (aGP). We engineered the rate-limiting aGP from Thermotoga petrophila to generate the 
M7 variant (TpaGPM7), achieving a 4.54-fold higher catalytic efficiency, and optimized cofactors, identi-
fying 20 mmol∙L−1 Mn2+ to critically shift PGM’s preference toward starch synthesis. The optimized path-
way converts 5.4 g∙L−1 glucose (equivalent to 30 mmol∙L−1) to 3.50 g∙L−1 starch at 60 °C with a record-
breaking 71.93% conversion yield and a space-time yield of 2.33 g∙L−1∙h−1, while minimizing carbon loss
< 30%. The product was characterized as amylose. This photosynthesis-independent framework advances
a sustainable route to valorize cellulosic waste into food-grade starch, offering a resilient strategy for food
security and a circular bioeconomy.

© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering 
and Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). 
1. Introductio n

Starch, the predominant storage polysaccharide in nature, is a 
cornerstone of global food security and industrial biomanufactur-
ing, with wide applications in food, feed, and bio-based materials
and an annual consumption exceeding 149 million metric tons
[1]. Despite this scale, current starch production systems fail to 
address persistent global hunger, leaving an estimated 638–
720 million people vulnerable to undernourishment [2]. This dis-
parity is projected to intensify under the dual pressures of a bur-
geoning global population—expected to exceed 10 billion by
2050—and the increasing frequency of extreme climate events that
disrupt conventional agriculture.

Traditional starch production, which relies on crop cultivation, 
is fundamentally constrained by the inherent inefficiency of
photosynthesis (theoretical energy conversion efficiency: 4%–6%), 
limited arable land, and protracted growth cycles [3,4]. Conse-
quently, developing innovative, photosynthesis-independent 
routes for starch synthesis is a strategic imperative to ensure 
future food security and mitigate environmental degradation. Cel-
lulose, a natural organic polymer composed of glucose units linked
by b-1,4-glycosidic bonds, is the most abundant biomass on Earth
[5]. Its non-food nature, abundant reserves and renewability make 
it an ideal feedstock for starch production. The cell-free in vitro 
enzymatic cascade system has emerged as the core technical 
approach for the directional conversion of cellulose to starch,
attributed to its advantages of high reaction efficiency, flexible
engineering regulation, facile product separation and precise direc-
tional regulation.

Driven by the need to valorize this underused resource, early 
breakthroughs in the field constructed a four-enzyme cascade 
pathway consisting of endoglucanases (EGs), cellobiohydrolases
(CBHs), cellobiose phosphorylase (CBP) and a-glucan phosphory-
lase (aGP), which enabled the first conversion of cellulose to
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amylose with a yield of 2.1% (Fig. 1(a)) [6]. Subsequently, Xu et al.
[7] optimized this cascade system by improving the cellulose 
digestibility, increasing the starch yield from corn stover to 18.4% 
while achieving the coproduction of microbial protein. However, 
glucose, one of the hydrolysis products of cellobiose catalyzed by 
CBP in this cascade pathway, cannot be utilized by the downstream 
aGP, resulting in carbon loss. Meanwhi le, the successful applica-
tion of the adenosine triphosphate (ATP)-free polyphosphate glu-
cokinase (PPGK)-phosphoglucomutase (PGM)-aGP enzymatic
cascade in the synthesis of cyclic a-glucans (e.g., c-cyclodextrin)
has laid a critical enzymatic and technical foundation for the enzy-
matic synthesis of amylose from cellulose-based feedstocks [8,9]. 

Despite this initial progress, cellulose-based enzymatic starch 
synthesis has yet to be industrialized, hindered by core 
bottlenecks: insufficient catalytic efficiency and poor substrate 
selectivity of key enzymes (e.g., aGP as the rate-limiting enzyme),
reversibility of core reactions (aGP-catalyzed glucose-1-phosphate
Fig. 1. Design, construction, and preliminary validation of the enzymatic pathway for star
direct cellulose-to-starch pathway. Right, the four-step cascade pathway developed in 
enzymes (TfPPGK, TkPGM, and Tma GP). (c) Specific activity of the purified enzymes (forw
starch synthesis performance of reaction system A, including concentration of yield and c
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(G-1-P) polymerization and PGM-catalyzed isomerization) that
reduces net yield [6], and conventional ATP-dependent glucose 
activation (high cost, unstable ATP, and non-directly usable
glucose-6-phosphate (G-6-P) product) leading to wasted glucose
[10]. To address these issues, this study optimized the ATP-free 
PPGK-PGM-aGP cascade to construct the carbon-economical 
starch synthesis (CESS) pathway for directional cellulose-to-
amylose conversion. We engineered Thermotoga petrophila aGP 
into the M7 variant (TpaGPM7), which showed 4.54-fold higher 
catalytic efficiency and enhanced substrate selectivity, and identi-
fied 20 mmol∙L−1 Mn2+ as the optimal metal cofactor, achieving
precise regulation of the equilibrium of PGM-catalyzed reversible
reactions. The molecular mechanism of improved enzyme activity
was elucidated using crystallography and molecular dynamics
(MD), providing novel insights for non-photosynthetic starch syn-
thesis and supporting resource conservation and high-value uti-
lization of agricultural waste.
ch synthesis. (a) Schematic comparison of enzymatic pathways. Left, the established 
this study. (b) Sources and specific activities of the initially selected thermostable 
ard reaction defined as favorable for starch synthesis). (d) Reaction conditions and
onversion efficiency. Data in (c, d) are presented as mean ± standard deviation (SD).
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2. Materials and methods

2.1. Materials and strains

D-glucose, sodium hexametaphosphate, amylose, amylopectin, 
and corn starch standard were purchased from Sigma-Aldrich 
(USA). Isopropyl b-D-thiogalactopyranoside (IPTG), G-6-P sodium 
salt, and G-1-P sodium salt were obtained from Aladdin (China). 
All other chemicals were sourced from reputable suppliers and 
were of the highest available purity. All enzymes and buffers 
required for molecular cloning were supplied by Vazyme Biotech
(China). Escherichia coli (E. coli) Trans1-T1 was used as the cloning
strain for target genes and was purchased from TransGen Biotech
(China). E. coli BL21 (DE3) was employed as the expression strain
for target genes and was obtained from Vazyme Biotech (China).
 

2.2. Cloning, protein expression, and purification

The gene encoding PPGK variant (F30L/R34P/T72A/V88M/ 
A231T) from Thermobifida fusca YX was cloned into the pET-28a(+) 
vector using the BamHI and XhoI restriction sites. The resulting 
plasmid was transformed into E. coli BL21(DE3) cells. A single posi-
tive transformant was inoculated into 40 mL of lysogeny broth (LB) 
medium supplemented with 50 lg∙mL−1 kanamycin and cultured 
overnight at 37 °Cwith shaking at 200 r∙min−1 . A 4mL aliquot of this 
pre-culture was then transferred into 400 mL of fresh LB medium
with the same antibiotic and grown under identical conditions until
the optical density at 600 nm (OD600) reached 0.6–0.8. Protein
expression was induced by adding 0.1 mmol∙L−1 IPTG, followed by
incubation for 18 h at 16 °C with shaking.

Cells were harvested by centrifugation at 6000 r∙min−1 for 
10 min at 4 °C . The cell pellet was resuspended in lysis buffer 
(20 mmol∙L−1 Tris-HCl, 0.5 mol∙L−1 NaCl, 10 mmol∙L−1 imidazole, 
pH 7.4) and disrupted by ultrasonication on ice for a total of
45 min (30% amplitude, 4 s pulse-on, 3 s pulse-off). The lysate
was centrifuged at 12 000 r∙min−1 for 30 min at 4 °C to remove cell
debris.

The expressed protein, which contained N- and C-terminal His-
tags, was purified using nickel-affinity chromatography. The clari-
fied supernatant was loaded onto a nickel-nitrilotriacetic acid (Ni-
NTA) column pre-equilibrated with binding buffer (20 mmol∙L−1 

Tris-HCl, 0.5 mol∙L−1 NaCl, 10 mmol∙L−1 imidazole, pH 7.4). After 
washing, bound proteins were eluted with a stepwise imidazole 
gradient (20–500 mmol∙L−1 ) in the same buffer. Elution fractions
containing the target protein, as confirmed by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE), were pooled
and subsequently desalted into 20 mmol∙L−1 Tris-HCl (pH 7.4)
using a gel filtration column. Protein concentration was deter-
mined using a commercial quantification kit.

2.3. Enzymatic activity assay of PPGK

One unit (U) of PPGK activity was defined as the amount of 
enzyme that produces 1 lmol of G-6-P per minute using glucose 
and polyphosphate as substrates. G-6-P was quantified via a cou-
pled enzymatic assay using G-6-P dehydrogenase (G6PDH) and 
nicotinamide adenine dinucleotide (NAD+ ). The assay was 
performed in two stages. First, G-6-P was generated in a 200 lL 
reaction mixture containing 12.5 mmol∙L−1 glucose, 5 mmol∙L−1 

MgCl2, 1 mmol∙L−1 sodium hexametaphosphate, and a n appropri-
ate amount of PPGK. The reaction was incubated at 60 °C for
10 min, terminated by adding HClO4, and neutralized with KOH.
In the second stage, reduced nicotinamide adenine dinucleotide
(NADH) formation was measured in a 200 lL system containing
5 mmol∙L−1 MgCl2, 6 mmol∙L−1 NAD+, 2 U∙mL−1 G6PDH, and a
3

portion of the neutralized product from the first reaction. The reac-
tion was initiated by adding G6PDH, and the increase in absor-
bance at 340 nm was monitored continuously until a stable
plateau was reached. All assays were performed in triplicate.
2.4. Enzymatic activity assay of PGM

The reaction direction of PGM catalyzing G-6-P to G-1-P is 
defined as the forward direction (UG-6-P), whereas the direction of 
catalyzing G-1-P to G-6-P is defined as the reverse direction (UG-

1-P). For the forward reaction, the enzyme activity unit is defined 
as 1 U, referring to the amount of enzyme required to catalyze 
the production of 1 lmol G-1-P per minute using G-6-P as the sub-
strate, with the specific activity unit being U∙mg−1 . For the reverse 
reaction, the enzyme activity unit is defined as 1 U, referring to the 
amount of enzyme required to catalyze the production of 1 lmol 
G-6-P per minute using G-1-P as the substrate, with the specific 
activity unit being U∙mg−1 . The enzymatic reaction was initiated 
by adding an appropriate amount of PGM to a 200 lL reaction solu-
tion containing 12.5 mmol∙L−1 G-6-P or G-1-P and 5 mmol∙L−1 

MgCl2, incubated at 60 °C for 10 min, and terminated by heating 
in a 100 °C water bath for 15 min. The terminated sample was cen-
trifuged at 12 000 r∙min−1 for 15 min at 4 °C . The supernatant was
filtered through a 0.22 lm microporous filter and analyzed by
high-performance anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD). Chromatographic condi-
tions were as follows. Chromatographic separation was performed
using a Thermo Scientific Dionex CarboPac PA200 analytical col-
umn equipped with a guard column (Thermo Fisher Scientific,
USA). Mobile phase A was 0.1 mol∙L−1 NaOH, and mobile phase B
was 0.1 mol∙L−1 NaOH containing 1 mol∙L−1 sodium acetate. The
column temperature was set to 30 °C , and the elution flow rate
was 0.25 mL∙min−1. The gradient elution program started with
100% mobile phase A, then linearly increased mobile phase B to
10% from 8 min, further to 20% from 15 min, and exponentially
to 100% within 2 min from 25 min, followed by equilibration with
100% mobile phase A for 11 min for the next injection. All reactions
were conducted in three parallel replicates to ensure data accuracy
and reliability.

2.5. Enzymatic activity assay of aGP

The reaction direction of aGP catalyzing the polymerization of 
G-1-P into starch is defined as the forward direction (UG-1-P), 
whereas the direction of catalyzing the depolymerization of starch 
into G-1-P is defined as the reverse direction (Ustarch). For the for-
ward reaction, 1 U is defined as the amount of enzyme catalyzing
1 lmol phosphate production per minute from G-1-P (with 9 g∙L−1

maltodextrin as a-1,4-glucan primer), expressed as U∙mg−1. Phos-
phate was quantified using the method of Saheki et al. [11]:  a
200 lL reaction mixture (12.5 mmol∙L−1 G-1-P, 0.1 mol∙L−1 sodium 
acetate (pH 5.5), and aGP) was incubated at 60 °C for 10 min, ter-
minated with 800 lL molybdate reagent (15 mmol∙L−1 ammonium 
molybdate, 100 mmol∙L−1 zinc acetate, pH 5.0) plus 200 lL 10% 
(wt/vol) ascorbic acid (pH 5.0), and the absorbance was measured 
at 850 nm after incubation at 30 °C for 20 min. For the reverse
reaction, 1 U is the amount of enzyme catalyzing 1 lmol G-1-P
production per minute from a-1,4-glucan (9 g∙L−1 maltodextrin)
and 20 mmol∙L−1 phosphate, expressed as U∙mg−1. G-1-P was
quantified via the PGM/G6PDH cascade [12]: a 200 lL reaction 
mixture (20 mmol∙L−1 phosphate, 9 g∙L−1 maltodextrin, 5 mmol∙L−1 

MgCl2, and aGP) was incubated at 60 °C for 10 min, terminated 
with HClO4, and neutralized with KOH; the product was reacted 
with 5 mmol∙L−1 MgCl2, 6 mmol∙L−1 NAD+, 2 U∙mL−1 PGM, and
2 U∙mL−1 G6PDH, with NADH formation monitored at 340 nm until
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absorbance stabilized. All reactions were performed in triplicate
for reliability.

2.6. Enzymatic cascade reaction for starch synthesis and quantification

Starch was synthesized in a 200 lL in vitro enzymatic cascade 
reaction system containing 50 mmol∙L−1 4-(2-hydroxy ethyl)-1-
piperazine ethane sulphonic acid (HEPES; pH 7.4), 5.4 g∙L−1 glu-
cose, 4 mmol∙L−1 sodium hexametaphosphate, 5 mmol∙L−1 MgCl2, 
0.1 mmol∙L−1 maltotetraose, and 3 lmol∙L−1 PPGK, 1 lmol∙L−1 

PGM, and 6 lmol∙L−1 aGP (corresponding to a total enzyme load-
ing of approximately 0.76 g∙L−1 ). The reaction was conducted at 
60 °C for 2 h. After the reaction, the products were quantified using 
the Total Starch (AA/AMG) Assay Kit (Megazyme, Ireland). Glucose 
was analyzed by HPAEC-PAD on a Thermo Scientific Dionex Carbo-
Pac PA200 analytical column equipped with a guard column 
(Thermo Fisher Scientific). The mobile phase consisted of (A)
deionized water and (B) 0.1 mmol∙L−1 NaOH. The column temper-
ature was maintained at 30 °C with a flow rate of 0.25 mL∙min−1.
The elution program was as follows: initial conditions of 98% A
and 2% B; a linear gradient to 5% B by 8 min; a further increase
to 100% B over 17 min, held for 3 min; return to 2% B over 8 min
starting at 28 min; and re-equilibration at 2% B for 4 min before
the next injection. All assays were performed in triplicate.

2.7. Preparation of amylose

Following the enzymatic cascade reaction, the sample was trea-
ted with 1.88 mol∙L−1 perchloric acid to terminate the reaction, and 
subsequently neutralized with NaOH. The neutralized solution was 
centrifuged at 12 000 r∙min−1 for 10 min, and the target product 
was precipitated from the supernatant by adding 95% ethanol at
a 1:2 (v/v) ratio. The resulting wet precipitate was washed three
times with 95% ethanol to remove residual soluble sugars, and
the resulting amylose slurry was freeze-dried to obtain amylose
powder.

2.8. Characterization of artificial amylose

Artificial amylose was characterized using the following meth-
ods: ① iodine staining, ② spectrophotometry, ③ nuclear magnetic 
resonance (NMR) spectroscopy, and ④ Fourier transform infrared 
spectroscopy (FTIR). For iodine staining, each sample was mixed 
with an appropriate volume of iodine solution for color develop-
ment, and the absorbance spectrum was recorded over the wave-
length range of 400–800 nm using a spectrophotometer. For FTIR 
analysis, 200 mg of potassium bromide (KBr) was dried at 105 °C 
to constant weight. A mixture of 1 mg sample and 100 mg KBr
was thoroughly ground in an agate mortar and compressed under
7 MPa into a pellet (13 mm diameter). Spectra were recorded over
the wavenumber range of 400–4000 cm−1. For proton nuclear mag-
netic resonance (1H NMR) spectroscopy, 2% (w/v) amylose or amy-
lopectin was dissolved in dimethyl sulfoxide (DMSO) containing
0.03% (v/v) tetramethylsilane (TMS). Spectra were acquired at
60 °C for 4 h using a 400 MHz NMR spectrometer.

2.9. Screening and identification of PGM and aGP

Homologous sequences of PGM and aGP were computationally
screened using Jackhmmer [13], UniKP [14], and DLKcat. Initial 
homology searches were performed against the UniRef90 database 
using Thermococcus kodakarensis PGM (TkPGM) and Thermotoga 
maritima MSB8 aGP (TmaGP) as query sequences. Candidate 
enzymes were evaluated based on predicted kinetic parameters,
including the turnover number (kcat), Michaelis constant (Km),
and catalytic efficiency (kcat/Km), for the substrates G-6-P and
4

G-1-P. Sequences that outperformed the template across all met-
rics were selected for further evaluation. The genes encoding the 
top candidat es were cloned into the pET-28a(+) vector between
the BamHI and XhoI sites for experimental validation.

2.10. Virtual alanine scanning of Thermotoga petrophila a -glucan
phosphorylase (TpaGP)

Initial structures of the wild-type TpaGP (TpaGPWT)–pyridoxal 
5’-phosphate (PLP) and TpaGPM7_PLP complexes were generated
using AlphaFold3 [15]. The substrates G-1-P and maltotetraose 
were docked into the active sites of the TpaGPWT_PLP complex 
using AutoDock Vina, and the highest-affinity conformation for 
each ligand was selected. Virtual alanine scanning was conducted 
using Discovery Studio 2017: the TpaGP–substrate complex was 
preprocessed and subjected to energy minimization. Fifteen resi-
dues within 5 Å of the substrates were selected, each of which
was individually mutated to alanine. Binding energies (DGbind) of
wild-type (WT) and variants were calculated, and DDGbind was
computed by subtracting the DGbind of WT from that of each
variant.

2.11. Sequence conservation analysis

Multiple sequence alignment was performed using the Clus-
talW algorithm implemented in the MEGA11 software suite to
assess the conservation of the target sequences.

2.12. Determination of melting temperature (Tm)

The thermal stability of each enzyme was assessed by differen-
tial scanning calorimetry (DSC) to determine the Tm. Purified 
enzymes were buffer-exchanged into 50 mmol∙L−1 HEPES (pH 
7.4) and concentrated to approximately 0.5 mg∙mL−1 using a 10 
kDa molecular weight cut-off centrifugal filter. Samples and refer-
ence buffer were degassed for 5 min prior to measure ment. DSC
scans were performed from 30 to 120 °C at a heating rate of
120 °C ∙h−1. Each sample underwent three consecutive scans to
ensure reproducibility. Data were processed using Origin 2022,
and Tm values were derived from the thermal denaturation curves.

2.13. Crystallography and structure determination

Crystals of Phaeodactylibacter sp. PGM (PhsPGM)_Mg2+ were 
grown at 16 °C using the hanging-drop vapor-diffusion method. 
The protein solution (11.12 mg∙mL−1 ) was mixed in a 1:1 ratio with 
a reservoir solution containing 0.2 mol∙L−1 ammonium acetate, 
0.1 mol∙L−1 trisodium citrate dihydrate (pH 6.0), 24% (v/v) 
PEG 400, and 1 mmol∙L−1 Mg2+ . The PhsPGM_Mn2+ complex crys-
tals were obtained under similar conditions, but with a reservoir 
solution comprising 26% (v/v) PEG 400 and 1 mmol∙L−1 Mn2+ . 
The Phs PGM_Mg2+_G-6-P and PhsPGM_Mg2+_G-1-P complex crys-
tals were prepared using the crystal soaking method. Specifically,
2 lL of G-1-P or G-6-P (at a concentration of 3 mmol∙L−1) was
added to the hanging drops containing pre-grown protein crystals.
After soaking for 1 h, the crystals were harvested using a Hampton
Cryoloop, transferred into a cryoprotectant solution, and flash-
cooled in liquid nitrogen for subsequent diffraction experiments.

X-ray diffraction data were collected at 100 K on beamline 
BL19U1 of the Shanghai Synchrotron Radiation Facility (SSRF, 
China). Data were processed with X-ray Detector Software (XDS). 
The structure was solved by molecular replacemen t using a bacte-
rial PGM (structure deposited in the Protein Data Bank (PDB) ID:
3na5, 61.33% sequence identity) as the search model. Iterative
model building and refinement were performed using Phenix
[16] and Coot [17].
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2.14. System setup for MD simulations

The initial structure of PhsPGM in complex with Mg2+ or Mn2+ 

was obtained from the corresponding crystal structure. The cat-
alytic serine residue in PhsPGM was modified to phosphoseri ne
(SEP) to mimic the phosphorylated state, with structural details
of SEP referenced from the crystal structure of PGM from Pseu-
domonas aeruginosa (PDB: 1p5d) [18]. G-1-P and G-6-P were sepa-
rately docked into the active site of PhsPGM using AutoDock Vina
[19]. The top-ranked docking pose was selected for subsequent 
simulations. Initial structures of TpaGPM7 in complex with PLP
were generated using AlphaFold3 [15]. The substrates G-1-P and 
maltotetraose were docked into the active site of the 
TpaGPM7_PLP complexes using AutoDock Vina, and the highest-
affinity pose for each ligand was selected. The Amber ff14SB force
field [20] was used for protein residues. The SEP moiety and sub-
strates were parametrized using the general AMBER force field
(GAFF) [21], with partial atomic charges derived via the restrained
electrostatic potential (RESP) [22]. Missing parameters were sup-
plemented using the parmchk2 utility in AmberTools23 [23]. 
Parameters for Mg2+ and Mn2+ ions were generated using the metal
center parameter builder (MCPB.py) [24]. Protonation states of 
titratable residues (histidine, glutamic acid, and aspartic acid) in 
all systems were assigned based on predicted dissociation constant
(pKa) values from PROPKA [25], combined with manual inspection 
of local hydrogen-bonding networks to ensure physiological rele-
vance. Each system was neutralized by adding counterions (Na+ 

or Cl− ) based on the overall charge and then solvated in a rectangu-
lar TIP3P water box with a minimum distance of 12 Å between the
protein surface and the box edges to ensure adequate solvent cov-
erage around the complex.

2.15. MD simulations

After system preparation, energy minimization was carried out 
using a combination of the steepest descent and conjugate gradient 
algorithms. The systems were then gradually heated from 0 to 
333 K over 50 ps under the canonical (NVT) ensemble, applying a 
weak positional restraint of 25 kcal mol−1 Å−2 on the protein back-
bone atoms. This was followed by a 1 ns equilibration under the 
isothermal-isobaric (NPT) ensemble at 333 K and 1.0 atm to allow
the system to reach uniform density, after which all restraints were
removed for an additional 4 ns of equilibration. Production MD
simulations were then performed for 50 or 100 ns (corresponding
to 25 million or 50 million steps) for each system, with three inde-
pendent replicates conducted to ensure reproducibility. Through-
out all simulations, covalent bonds involving hydrogen atoms
were constrained using the SHAKE algorithm [26], and a 2 fs inte-
gration time step was employed. Long-range electrostatic interac-
tions were treated using the Particle Mesh Ewald (PME) method 
with a cutoff of 1.0 nm and an Ewald tolerance of 0.0005. Temper-
ature was maintained at 333 K using Langevin dynamics with a 
friction coefficient of 1.0 ns−1 , and pressure was maintained at 
1.0 atm using a Monte Carlo barostat updated every 25 steps. Tra-
jectories were saved every 10 000 steps, resulting in a total of 2 500
frames per simulation, in Dynamics Coordinate Data (DCD) format.
Trajectory analysis was performed using the CPPTRAJ module in
AmberTools23, and visualization was carried out using PyMOL
3.1.6.

2.16. Principal component analysis (PCA) and dynamic cross-
correlation matrix (DCCM) analysis

The protein dynamics of the system were examined via PCA and 
DCCM analysis using the Bio3D tool within RStudio. PCA was used
to identify the dominant motions in simulations, which are vital for
5

interpreting biological functions. DCCM was used to illustrate the
overall residue–residue correlations [27]. 

2.17. Analysis of precatalytic conformational distributions

To quantify the population of precatalytic conformations, the 
MD simulation trajectories were analyzed as follows. For each sys-
tem (PhsPGM_SEP147 in complex with Mg2+ or Mn2+ and with G-6-
P or G-1-P), the last stable 10 ns of the 100 ns production trajectory 
was used for analysis. Snapshots were extracted at 100 ps inter-
vals, yielding 100 representative conformations per system. Each 
conformation was evaluated against two geometric criteria for pre-
catalytic alignment: ① the distance (d1) between the O1 hydroxyl 
of G-6-P or the O6 hydroxyl of G-1-P and the O1P atom of SEP147

was less than 2.7 Å, and ② the distance (d2) between the O1
hydroxyl of G-6-P or the O6 hydroxyl of G-1-P and the phosphorus
atom of SEP147 was less than 3.5 Å. A conformation was classified
as ‘‘precatalytic” only if it satisfied both distance thresholds simul-
taneously. The population percentage was calculated as (number
of precatalytic conformations/total conformations) × 100%.

3. Results 

3.1. Construction of a three-enzyme cascade for glucose-to-starch
conversion

To overcome the limited conversion efficiency of existing enzy-
matic routes from glucose to starch, we designed the CESS pathway
by optimizing an ATP-free PPGK-PGM-aGP enzymatic cascade
(Fig. 1(a)). The pathway comprises: ① cellulose depolymerization 
to glucose, ② glucose phosphorylation to G-6-P catalyzed by PPGK, 
③ reversible conversion of G-6-P to G-1-P by PGM, and ④ starch 
elongation via aGP, which adds G-1-P to the non-reducing end of
oligosaccharides. Through a search of the BRENDA database and
literature, a PPGK variant (F30L/R34P/T72A/V88M/A231T) with
enhanced catalytic efficiency from Thermobifida fusca YX (TfPPGK)
[28], a thermostable TkPGM [29], and a thermophilic TmaGP [30] 
were selected (Fig. 1(b)). The enzymes were cloned into pET-28a(+), 
expressed, purified, and confirmed via SDS-PAGE (Fig. S1 in 
Appendix A). The specific activities of the enzymes at 60 ° C were
determined by in vitro assays as follows (Fig. 1(c)): TfPPGK, 
351.78 U∙mg−1 ; TkPGM, 11.41 (forward, G-6-P→G-1-P) and 
388.53 U∙mg−1 (reverse, G-1-P→G-6-P); TmaGP, 0.39 (forward, 
G-1-P→starch) and 0.14 U∙mg−1 (reverse, starch→G-1-P). Then, 
an in vitro three-enzyme cascade was constructed, and starch 
was synthesized in system A containing 5.4 g∙L−1 glucose, 
4 mmol∙L−1 sodium hexametaphos phate, and 10 lmol∙L−1 of PPGK,
PGM, and aGP. After 2 h, 0.29 g∙L−1 starch was produced,
corresponding to a conversion efficiency of 6.03%, confirming the
functionality of the designed pathway (Fig. 1(d)). 

3.2. Systematic enzyme screening enhances pathway efficiency

To improve the initial low efficiency, we conducted comprehen-
sive screening of PGM and aGP enzymes. Meanwhile, Tf PPGK
efficiently converted 5.4 g∙L−1 glucose to G-6-P within 30 min
(Fig. 2(a)), meeting the pathway requirement. For PGM and aGP, 
a screening pipeline utilizing Jackhmmer for homolog retrieval,
UniKP/DLKcat for kinetic parameter prediction, and extremum
analysis was employed (Fig. 2(b)), yielding 12 PGM and 8 aGP can-
didates (Tables S1 and S2 in Appendix A). Soluble expression was 
confirmed for 10 out of 12 PGMs (Fig. S2 in Appendix A) and 5 
out of 8 aGPs (Fig. S3 in Appendix A).

Bidirectional activity assays at 37 and 60 °C revealed that none 
of the PGM candidates exhibited a substrate preference shift from
G-1-P to G-6-P (Figs. 2(c) and (d) and Fig. S4 in Appendix A).
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Fig. 2. Computational screening and validation of key enzymes. (a) Time course of G-6-P production from 5.4 g∙L−1 glucose by TfPPGK. (b) Workflow for the computational 
screening of PGM and aGP homologs. In panel (b), Seq denotes protein sequence, SMILES denotes simplified molecular input line entry system, and HMMER denotes a 
biosequence analysis using profile hidden Markov models. (c) Specific activities of candidate PGMs at 60 °C , with the curve indicating the UG-6-P/UG-1-P activity ratio. (d) 
Specific activities of candidate aGPs at 60 °C , with the curve indicating the UG-1-P/Ustarch activity ratio. The stars in panels (c) and (d) indicate the enzymes selected for
subsequent cascade construction. (e) Reaction conditions and starch synthesis efficiency of system B employing PhsPGM and TpaGP. In panel (e), the star indicates the
selected reaction system. Data in (a, c, d, and e) are presented as mean ± SD.
PhsPGM was selected for subsequent studies due to its: ① highest 
UG-6-P/UG-1-P ratio (0.065), ② maximal forward activity at both 
temperatures, and ③ superior thermostability (UG-6-P 

60 °C /UG-6-P 
37 °C = 

2.44). Among the aGP candidates, TpaGP was selected for its 
marked thermostability (UG-1-P 

60 °C /UG-1-P 
37 °C = 13.31 > 1) and its 

retained substrate preference for G-1-P (UG-1-P/Ustarch > 1). Assem-
bling PhsPGM and TpaGP with TfPPGK into system B yielded
0.92 g∙L−1 starch, corresponding to an 18.87% conversion effi-
ciency—a threefold increase over the initial system employing
TkPGM and TmaGP (Fig. 2(e)). 

3.3. Identification and engineering of the rate-limiting enzyme aGP

Comparison of the forward specific activities of the three path-
way enzymes indicated that TpaGP had the lowest activity (Fig. S5 
in Appendix A). To identify the rate-limiting step, we evaluated the 
impact of varying enzyme ratios on the starch synthesis rate. A 
fivefold increase in TpaGP concentration (while keeping TfPPGK 
and PhsPGM constant) increased the average starch synthesis rate
by 1.78-fold. In contrast, a fivefold increase in either TfPPGK or
PhsPGM concentration resulted in only a 1.16- or 1.15-fold
increase, respectively (Fig. 3(a)). These results clearly identified 
TpaGP as the rate-limiting enzyme in the cascade.

We subsequently employed a semi-rational design approach to 
engineer TpaGP. Virtual alanine scanning of 53 residues within 5 Å 
radius of the substrate (PLP, G-1-P, and maltotetraose) identified 
13 residues (E105, G118, Y231, R238, E267, H304, T305, N394,
R485, R486, K491, D526, and T583) with aDDGbind > 0.5 kcal∙mol−1

(Figs. S6(a) and (b) in Appendix A). Mutagenesis confirmed that 
variants of all 13 residues significantly altered catalytic activity
(Table S3, Fig. S6(c) and Fig. S7 in Appendix A). Sequence
6

conservation analysis indicated that these residues are highly con-
served among the aGP homologs analyzed in this study (Fig. S8 in 
Appendix A). Notably, TmaGP and TpaGP share 97% amino acid 
sequence identity but differ in their optimal forward reaction tem-
peratures by 25 °C (60 °C vs 85 °C ; Fig. S9 in Appendix A). At 60 °C  ,  
the UG-1-P activity of TpaGP was 34-fold higher than that of TmaGP. 
We mapped the variant residues onto the tertiary structures, and
divided them into three spatially distinct regions (M1: residue
170; M2: residues 664–675; M3: residues 774–784) (Fig. 3(b)). 
To identify the key structural regions responsible for the functional 
differences between homologous enzymes, a domain-swapping 
study was performed. Activity assays revealed that swapping the
M2 region (an a-helix-loop-a-helix structure) between TmaGP
and TpaGP nearly reversed their UG-1-P activities (Fig. 3(c)). Nota-
bly, replacing the M3 region of TpaGP with that of TmaGP (desig-
nated as TpaGPM3) resulted in UG-1-P catalytic activity of 
31.67 U ∙mg−1, which was 2.50-fold higher than that of TpaGPWT
(12.68 U∙mg−1, Fig. 3(c)). To accurately pinpoint the key functional 
region, the M2 region was further subdivided into three subre-
gions: M4 (residues 664–668, an a-helix), M5 (residues 669–670, 
a loop), and M6 (residues 671–675, an a-helix). Subsequently, 
region-swapped variants for M4, M5, and M6 were constructed
for both TmaGP and TpaGP. Activity assays pinpointed the M6
subregion (residues 671–675, an a-helix) as essential for the high
UG-1-P activity of TmaGP (Fig. S10 in Appendix A), while TpaGPM5 
showed 1.66-fold higher UG-1-P activity than TpaGPWT. Building on 
these findings, we constructed a combinatorial variant, TpaGPM7, 
by integrating beneficial mutations from TpaGPM3 and TpaGPM5. 
TpaGPM7 exhibited a UG-1-P activity of 57.47 U∙mg−1 at 60 °C ,
which is 4.54 times that of TpaGPWT. Furthermore, TpaGPM7 dis-
played a higher substrate preference for G-1-P, with a UG-1-P/Ustarch
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Fig. 3. Protein engineering of the rate-limiting enzyme TpaGP. (a) Effect of increasing the concentration of individual enzymes on the initial reaction rate of the pathway. The 
star highlights the largest increase in the initial reaction rate. (b) Structural superposition of TpaGP and TmaGP, highlighting the divergent M1–M3 regions. (c) Bidirectional 
specific activities of TmaGPWT, TpaGPWT, and their chimeric variants generated by swapping the divergent M1–M3 regions. Key structural regions (M1–M3) were 
exchanged between TmaGP and TpaGP, yielding variants TmaGPM1, TmaGPM2, TmaGPM3, TpaGPM1, TpaGPM2, and TpaGPM3. The schematic table illustrates the origin of 
each region (brown: TmaGP; teal: TpaGP). (d) Bidirectional specific activities of the combinatorial variant TpaGPM7 and its parent variants TpaGPM3 and TpaGPM5. (e)
Reaction conditions and starch synthesis efficiency of the system C incorporating TpaGPM7. In panel (e), the star indicates the selected reaction system. (f) Tm of TpaGPWT
and the indicated variants. Cp denotes heat capacity at constant pressure. (g, h) Molecular interactions of TpaGPWT (g) and TpaGPM7 (h) with PLP, G-1-P, and maltotetraose.
Blue dashed lines indicate hydrogen bonds; orange dashed lines denote hydrophobic contacts. Data in (a, c, d, and e) are presented as mean ± SD from three independent
experiments.
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ratio of 2.99 (1.83-fold higher than that of TpaGPWT, Fig. 3(d)). 
Incorporating TpaGPM7 into system C increased starch production 
to 1.75 g∙L−1, raising the conversion efficiency to 35.98% (Fig. 3(e)). 
DSC determined the Tm of TpaGPM7 to be 98.15 °C , only a 
3.60% decrease compared to TpaGPWT (101.82 ° C ), indicating
that the significant enhancement in catalytic activity was achieved
with minimal loss of thermostability (Fig. 3(f) and Table S4 in 
Appendix A).

MD simulations of TpaGPWT and TpaGPM7 in complex with 
PLP, G-1-P, and maltotetraose at 333 K revealed that TpaGPM7
exhibited lower root-mean-square deviation (RMSD) values
(Fig. S11 in Appendix A) and stronger positive dynamic corre-
lations between residue pairs, particularly between residues
660–715 (containing M6) and 55–438 (Fig. S12 in Appendix A). 
Structural analysis of the lowest-energy conformations 
indicated that TpaGPM7 possesses a smaller substrate pocket
surface area and volume than TpaGPWT (Table S5 in 
Appendix A). Notably, TpaGPM7 formed additional hydrogen 
bonds and electrostatic interactions with PLP, G-1-P, and 
maltotetraose, involving key catalytic residues (His304, Thr583,
Thr305, and Arg486) previously identified as crucial for activity
(Figs. 3(g) and (h)). These structural changes likely contribute 
to the enhanced catalytic efficiency by narrowing the substrate 
pocket and strengthening substrate–enzyme interactions, facili-
tated by enhanced cooperative motions between distal sites
and the catalytic pocket.

3.4. Shifting the rate-limiting step and optimizing cofactor conditions

Following the engineering of TpaGP, the catalytic efficiency of 
the cascade remained below 50%, suggesting the rate-limiting step 
had shifted. Thermodynamic analysis using eQuilibrator 3.0 
revealed a strong bias of the PGM-catalyzed reaction toward the 
conversion of G-1-P to G-6-P (the standard transformed Gibbs 
energy of reaction, DrG’° = −7.4 kJ∙mol−1 ) under standard condi-
tions with Mg2+ , thereby limiting the flux toward starch synthesis 
from G-1-P. We hypothesized that modulating the metal cofactor 
of PhsPGM could influence its substrate preference. Initial screen-
ing of Mg2+ concentration showed that while 100 mmol∙L−1 Mg2+

enhanced the preference for G-6-P (at 5 mmol∙L−1 Mg2+,
UG-6-P/UG-1-P = 0.06; 100 mmol∙L−1 Mg2+, UG-6-P/UG-1-P = 0.14), it
severely compromised forward activity (reduced to 14% of the
activity at 2.5 mmol∙L−1 Mg2+; Fig. 4(a)). Screening of 12 different 
metal ions identified Mn2+ as optimal; at 1 or 5 mmol∙L−1 ,  it
enhanced the U G-6-P/UG-1-P ratio to 0.10 while preserving more than
94% of the forward activity observed with Mg2+ (Fig. 4(b) and 
Fig. S13 in Appendix A).

The effect of metal ions was found to be pH-dependent [31]. 
As shown in Fig. 4(c), PhsPGM exhibited the highest preference 
for G-6-P (UG-6-P/UG-1-P = 0.14) at pH 5.5, but its forward activity 
was maximal at pH 8.0 in Tris-HCl buffer (108% of the activity in 
HEPES at pH 7.4). We then evaluated the impact of metal ions
on the overall pathway efficiency. Among divalent ions, Mg2+,
Zn2+, Co2+, and Mn2+ supported starch synthesis, with Co2+ and
Mn2+ being significantly more effective than Mg2+ (Figs. 4(d) 
and (e)). Concentration optimization revealed that 20 mmol∙L−1 

Mn2+ yielded the highest starch synthesis efficiency 
(3.23 g∙L−1 ), corresponding to 132% of that achieved with
8 mmol∙L−1 Co2+ (2.45 g∙L−1; Figs. 4(f) and (g)). Furthermore, 
buffer optimization revealed that 50 mmol∙L−1 Tris-HCl buffer 
at both pH 7.75 and pH 8.0 supported high starch synthesis effi-
ciency, yielding 3.44 and 3.41 g∙L−1, respectively (Figs. 4(h) and 
(i)). Since the efficiency at pH 7.75 was marginally higher, we 
selected pH 7.75 combined with 20 mmol∙L−1 Mn2+ as the opti-
mized condition to establish system D.
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3.5. Molecular mechanism of Mn2+-mediated substrate preference shift
in PhsPGM

To elucidate the mechanism by which Mn2+ modulates sub-
strate preference of PhsPGM, we determined the crystal structures 
of PhsPGM in complex with Mg2+ or Mn2+ , and with substrates G-1-
P or G-6-P (PhsPGM_Mg2+, PhsPGM_Mn2+, PhsPGM_Mg2+_G-1-P,
and PhsPGM_Mg2+_G-6-P; Table S6 in Appendix A). PhsPGM adopts 
a heart-shaped structure comprising four domains. Domains 1–3 
form a rigid core, while domain 4 exhibits flexibility, undergoing
a pivot-like rotation upon substrate binding in the presence of
Mg2+ (Fig. 5(a) and Fig. S14 in Appendix A). The active site, located 
in a deep cleft, contains four conserved loops: the active serine 
loop (residues 146–153), metal-binding loop (305–310), sugar-
binding loop (391–394), and phosphate-binding loop (509–518)
[32,33]. Site-directed mutagenesis confirmed Ser147 as an essential 
catalytic residue, as the S147A variant completely abolished the
bidirectional activity of PhsPGM (Fig. S15 and Table S3 in Appendix
A).

Structural comparison of PhsPGM_Mg2+ _G-6-P and 
PhsPGM_Mg2+ _G-1-P revealed that G-6-P forms 17 active-site 
interactions (12 H-bonds, 5 electrostatic), while G-1-P forms only
11 (6 H-bonds, 5 electrostatic) (Fig. 5(b)). The four additional H-
bonds stabilizing the phosphoryl group of G-6-P, facilitated by a
more flexible phosphate-binding loop (higher temperature factors
(B-factors); Fig. 5(c), Fig. S16 in Appendix A), likely create a tighter 
binding mode that kinetically hinders the essential reorientation of 
the 1,6-bisphosphate intermediate during catalysis. This provides a
structural basis for the inherent preference of PhsPGM for the G-1-
P → G-6-P reaction.

Although structures with Mn2+ and substrates were not 
obtained, the overall structures of PhsPGM_Mg2+ and
PhsPGM_Mn2+ were similar (Fig. S17 in Appendix A). Thus, MD 
simulations of the phosphorylated enzyme (with the catalytic ser-
ine residue phosphorylated to form a SEP, SEP147 ) in complex with 
Mg2+ or Mn2+ and substrates were performed. PCA revealed that
Mn2+ induced richer conformational dynamics and enhanced flex-
ibility within the active-site cleft compared to Mg2+, for both G-1-P
and G-6-P bound states (Figs. S18 and S19 in Appendix A). Analysis 
of the precatalytic alignment (for definition, see section 2.17 and 
Fig. S20 in Appendix A) provided critical insights. For G-6-P, 
Mn2+ significantly increased the population of conformations satis-
fying the precatalytic criteria to 23%, compared to only 1% with 
Mg2+ , primarily by reducing the average d2 distance (3.61 Å vs
3.84 Å with Mg2+). For G-1-P, the precatalytic population was
higher with Mg2+ (37%) than with Mn2+ (29%) (Fig. S21 in Appendix 
A). These results indicate that Mn2+ binding may reshape the con-
formational dynamics of PhsPGM and alter substrate orientation 
and catalytic readiness within the active site. For G-6-P, this effect 
facilitates the formation of precatalytic conformations, thereby
enhancing catalytic readiness for G-6-P conversion and ultimately
shifting substrate preference and improving flux toward starch
synthesis (Fig. 5(d)). 

3.6. Scale-up preparation and characterization of synthetic starch

Under the optimized reaction conditions (system D, Fig. 6(a)), 
time-course analysis indicated that the reaction reached equilib-
rium within 90 min, yielding 3.50 g∙L−1 of starch from 5.4 g∙L−1 glu-
cose. This corresponds to a molar conversion of 71.93% and a
space-time yield of 2.33 g∙L−1∙h−1 (Fig. S22 in Appendix A). To 
evaluate the practical potential of the CESS pathway, preliminary 
scale-up experiments were conducted. At a 100 mL scale, system 
D consistently converted 5.4 g∙L−1 glucose to 3.54 g∙L−1 starch with
a conversion efficiency of 72.94%, demonstrating good scalability
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Fig. 4. Optimization of metal cofactors and pH for pathway efficiency. (a) Effect of Mg2+ concentration on the bidirectional specific activity of PhsPGM. The curve shows the 
UG-6-P/UG-1-P activity ratio. (b) Effect of different metal ions (5 mmol∙L−1 ) on the bidirectional enzyme activity of PhsPGM. (c) Effects of pH on the bidirectional specific activity 
of PhsPGM in the indicated buffers. In panel (c), the upper and lower bars represent UG-6-P and UG-1-P, respectively, corresponding to the upper and lower left y-axes; the curve 
shows the UG-6-P/UG-1-P activity ratio, corresponding to the right y-axis. (d, e) Starch synthesis efficiency in the presence of different metal ions (1 and 5 mmol∙L−1). (f, g) Starch
synthesis efficiency at varying Co2+ and Mn2+ concentrations. (h) Starch synthesis efficiency at varying pH values using 50 mmol∙L−1 buffer systems at different pH values:
MES (pH 5.5–7.0), HEPES (pH 7.0–8.0), and Tris-HCl (pH 8.0–9.0). (i) Effects of Tris-HCl buffer at varying pH levels on synthetic starch production efficiency. Data are
presented as mean ± SD from three independent experiments.
and reproducibility of the process (Fig. 6(a)). Furthermore, the 
effect of varying substrate concentrations on synthesis efficiency 
was investigated. When the glucose concentration was increased 
to 9.0 g∙ L−1 (50 mmol∙L−1), the starch titer reached 4.61 g∙L−1

(Fig. 6(b)).
Systematic characterization confirmed that the synthesized 

product was amylose. Iodine staining produced the characteristic 
bluish-purple color of amylose, and its ultraviolet–visible
(UV–Vis) absorption spectrum showed a distinct peak at 600 nm,
consistent with the amylose standard (Fig. 6(c)). FTIR provided fur-
ther molecular structural evidence: the synthetic starch, along 
with amylose, amylopectin, and maltodextrin standards, exhibited 
characteristic absorption bands at 930 and 860 cm−1 , indicative of 
a-1,4-glycosidic linkages. In contrast, carboxymethylcellulose
sodium (CMC-Na) displayed a characteristic peak at 896 cm−1 cor-
responding to b-1,4-glycosidic bonds, which was absent in the
other samples (Fig. 6(d)). Additionally, 1 H NMR spectra revealed
9

clear signals for a-1,4-glycosidic bonds linking the anhydroglucose 
units in the cellulose-derived synthetic amylose, with no detect-
able a-1,6-glycosidic bond signals (Fig. S23 in Appendix A). 
Together, these results confirm that the synthesized product is
amylose with typical a-1,4-glycosidic linkages.

4. Discussion 

Building upon the established framework of ATP-free enzymatic 
glycosylation, this study focused on overcoming key bottlenecks 
for efficient linear amylose production. We optimized the ATP-
free PPGK-PGM-aGP cascade to construct the CESS pathway for 
directional cellulose-to-amylose conversion. The CESS pathway 
introduces several key improvements that elevate the field of
in vitro synthetic biochemistry. First, the pathway is inherently
energy-efficient. By utilizing PPGK for glucose phosphorylation
without ATP consumption, we ensured an ample supply of
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Fig. 5. Mechanistic insights into metal ion-dependent regulation in PhsPGM. (a) Overall structure of PhsPGM in complex with Mn2+ , colored by domain: Domain 1 (residues 
1–206, orange), Domain 2 (residues 207–318, green), Domain 3 (residues 319–443, yellow), Domain 4 (residues 444–546, blue). The Mn2+ ion is shown as a blue sphere. (b) 
Detailed interactions of G-6-P (top) and G-1-P (bottom) within the active site of PhsPGM. Residues are colored by their respective domains as in (a). Hydrogen bonds and
electrostatic interactions are indicated by green and orange dashed lines, respectively. The 2Fo – Fc electron density maps for the substrates are contoured at 1.0 r, where Fo
and Fc denote the observed and calculated structure factors, respectively. (c) Comparative B-factor profiles of the phosphate-binding loop in PhsPGM complexed with Mg2+ or
Mn2+. (d) Proposed mechanism for the Mn2+-mediated shift in substrate preference.
activated glucose units directly from cellulosic hydrolysates [8,9]. 
This contrasts with natural starch biosynthesis, where the rate-
limiting adenosine diphosphate-glucose pyrophos phorylase
(AGPase) consumes ATP to generate glucosyl donors for starch syn-
thase [34]. Our approach leverages aGP to incorporate G-1-P into 
glucan chains in an energy-neutral manner [35], bypassing a major 
energetic bottleneck. Second, we established a high operational 
temperature of 60 °C for the cascade. This elevated temperature 
enhances reaction kinetics, improves substrate solubility, reduces
medium viscosity, and mitigates microbial contamination, thereby
relaxing stringent sterility requirements [36]. These combined 
advantages establish an efficient and practical operational window 
for the CESS pathway. Third, through structure-guided engineering 
of the identified rate-limiting enzyme, aGP, we developed the vari-
ant TpaGPM7. This variant achieves an optimal balance between 
catalytic efficiency and thermostability, exhibiting significantly 
enhanced activity and a shifted substrate preference toward G-1-
P while retaining over 95% of the thermostability (Tm = 98.15 °C
). TpaGPM7 thus represents a highly efficient and robust biocata-
lyst for synthetic starch biosynthesis [37]. Fourth, recognizing that
10
PPGK [38], PGM, and aGP [39] are all metalloenzymes, we system-
atically optimized metal cofactors. We identified that 20 mmol∙L−1 

Mn2+ in 50 mmol∙L−1 Tris-HCl buffer (pH 7.75) optimally enhanced 
the overall pathway flux by modulating the substrate preference of 
PhsPGM, a critical control point. Finally, integrating these innova-
tions into system D culminated in a notable conversion efficiency 
of 71.93%, producing 3.50 g∙L− 1 of amylose with a space-time yield
of 2.33 g∙L−1∙h−1. This performance substantially surpasses the pre-
viously reported 18.4% conversion of hydrolyzed glucan to amylose
and, to our knowledge, represents thehighest efficiencyachieved for
an enzymatic route from cellulose to starch post-saccharification.

Our investigation into aGPs, key biocatalysts in carbohydrate 
metabolism, revealed a correlation between catalytic efficiency
and the geometry of the substrate-binding pocket [12,40]. 
Enhanced variants (TpaGPM3, TpaGPM5, and TpaGPM7) featured 
a constricted pocket, with TpaGPM7 being the most constricted,
whereas the less active TpaGPM6 exhibited pocket enlargement
(Table S5). Structural and MD analyses indicated that remodeling 
of the hydrogen-bond network around the M6 helix (residues
671–675) modulates substrate affinity (Fig. S24 in Appendix A)



Y. Shen, Z. Liang, L. Li et al. Engineering xxx (xxxx) xxx

Fig. 6. Scale-up preparation and characterization of synthetic starch. (a) Scale-up of the multi-enzymatic starch conversion system to a 100 mL batch using system D 
conditions. (b) Time-course analysis of starch titer at varying glucose concentrations (5.4, 9.0, and 18.0 g∙L−1 ), with corresponding sodium hexametaphosphate concentrations 
of 2.45, 4.28, and 8.56 g∙L−1, respectively. (c) UV–Vis absorption spectra (400–800 nm, left) and iodine staining results (right) of the synthetic starch. (d) Comparative FTIR
spectra of standard maltodextrin, standard amylose, standard amylopectin, synthetic starch, and CMC-Na. Data are presented as mean ± SD from three independent
experiments.
[41].  In  TpaGPM7, strengthened cooperative motions between M6 
and distal residues 55–438, together with the formation of five 
additional hydrogen bonds with G-1-P, may stabilize G-1-P bind-
ing and promote its subsequent catalytic conversion, thereby 
favoring starch synthesis. While thermophilic aGPs offer broad 
temperature tolerance, their specific activities are often low, and 
plant aGPs, though highly active, lack sufficient thermostability
for industrial processes. TpaGPM7 successfully fills this gap,
achieving high catalytic efficiency with only a marginal trade-off
in stability. The observed increase in C-terminal flexibility in
TpaGPM7 suggests that strategic introduction of flexibility can
boost activity, challenging the conventional paradigm of a strict
stability–activity trade-off.

The reversible nature of the PGM-catalyzed reaction makes its 
substrate preference a critical determinant of pathway direction. 
Our study provides novel insights into the molecular mechanism
governing this preference, specifically through the lens of metal
cofactor modulation [40,42]. While Mg2+ is essential for phospho-
rylating the catalytic serine, other metal ions can also serve as
cofactors, as seen in PGMs from Saccharina japonica [43] and Fusar-
ium oxysporum [44]. However, prior studies focused predominantly 
on unidirectional activity (G-1-P → G-6-P). Our systematic analysis 
of the effect of various metal ions on the bidirectional activity of 
PhsPGM fills a significant knowledge gap. MD simulation and PCA
showed that Mn2+ induced more extensive conformational dynam-
ics and enhanced flexibility in the active site cleft of PhsPGM,
11
directly affecting substrate precatalytic conformations. Distance 
analysis indicated that Mn2+ significantly increased the proportion 
of precatalytic conformations for G-6-P (from 1% to 23% compared 
with Mg2+ ) but decreased that for G-1-P (from 37% to 29%), shifting 
the inherent substrate preference of PhsPGM from the conversion 
of G-1-P to G-6-P toward the conversion of G-6-P to G-1-P, thereby
providing a core molecular basis for enhanced starch synthesis
flux. This fills the gap in Mn2+-mediated PGM substrate preference
regulation, clarifies the link between conformational dynamics and
enzymatic catalysis, and offers new insights for metal ion-
regulated enzyme activity research.

Recently, Zhang et al. [45] proposed the representative in vitro 
cellulose-to-amylose (iC2A) pathway, which relies on a dual-
enzyme elongation module (ADP-glucose pyrophosphorylase and 
starch synthase) and polyphosphate kinase-mediated ATP regener-
ation. Notably, the CESS pathway in this study accomplishes chain 
elongation through the single-enzyme catalysis of the aGP mutant
TpaGPM7, without the need for dual-enzyme coordination or ATP
energy supply. Compared with the ATP-free PPGK-PGM-aGP cas-
cade for cyclic a-glucan synthesis [8], the CESS pathway specifi-
cally produces high-demand amylose. Via structure-guided aGP 
engineering (variant TpaGPM7, 4.54-fold higher catalytic effi-
ciency) and Mn2+-regulated PGM equilibrium, it achieves a maxi-
mum 71.93% conversion efficiency and a superior space-time
yield of 2.33 g∙L−1∙h−1. Moreover, compared with the reported
iC2A system, which mainly operates at 50 °C , the CESS pathway
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maintains high starch synthesis efficiency at 60 °C . This higher 
operating temperature may accelerate reaction kinetics, reduce
microbial contamination risk, and improve adaptability to high-
temperature processing.

The product of our pathway, amylose, holds significant applica-
tion potential. In the food industry, it can improve nutritional qual-
ity by lowering the glycemic index [46]. As a biodegradable 
polymer, it serves as a renewable and compostable material
[47,48]. In animal husbandry, its moderate degradation rate pro-
motes rumen health and metabolic efficiency [49]. Furthermore, 
G-1-P, the central precursor in our cascade, is a high-value phos-
phorylated sugar itself. It acts as a key precursor for synthesizing
uridine diphosphate (UDP) sugars [50], functional disaccha rides
[51], and glycolipids [52]. In pharmaceuticals and nutrition, 
G-1-P can act as a stabilizer and a promoter of calcium absorption
and bone health [53,54]. 

While this study systematically optimized an ATP-free enzy-
matic cascade from glucose to starch and provided deep mechanis-
tic insights into the key enzymes, opportunities for further 
enhancement remain. Protein engineering of PhsPGM could sys-
tematically increase the population of precatalytic conformations 
with G-6-P while decreasing those with G-1-P, potentially revers-
ing its innate thermodynamic preference and pushing the conver-
sion yield closer to the theoretical maximum. Additionally, the
exceptional thermostability and high activity of the pathway
enzymes (TfPPGK, PhsPGM, and TpaGPM7) make them ideal candi-
dates for immobilization. Developing immobilized enzyme sys-
tems could enable catalyst reuse over multiple operational
cycles, significantly improving the economic viability of the
process.

Traditional starch production via agriculture is inherently lim-
ited by the low theoretical energy conversion efficiency (4%–6%) 
of photosynthesis—an evolutionary outcome optimized for sur-
vival, not yield. Our enzymatic approach circumvents this bottle-
neck by utilizing non-food cellulose as a feedstock, thereby 
reducing dependence on arable land and freshwater resources. 
By designing an innovative pathway and employin g structural
biology and protein engineering to optimize key enzymes for max-
imal carbon efficiency, we have developed a robust enzymatic
toolkit for starch synthesis. This work provides a sustainable and
promising strategy to help alleviate food-security pressures,
reduce the environmental footprint of agriculture, and contribute
to a circular bioeconomy.
5. Conclusion s

In this study, we developed the CESS pathway, an innovative 
in vitro enzymatic cascade for the directional conversion of cellu-
losic biomass into high-value amylose. By integrating rational pro-
tein engineering with metal-ion cofactor regulation, we overcame 
key kinetic bottlenecks in the ATP-free PPGK-PGM-aGP cascade. 
Structure-guided design yielded the TpaGPM7 variant with 
enhanced catalytic efficiency and thermostability, while MD simu-
lations revealed that Mn2+ modulates the conformational dynamics 
and precatalytic conformations of PhsPGM, thereby directing the 
reaction toward starch synthesis. These synergistic innovations 
culminated in an optimized system operating at 60 °C , which
enhances kinetics and minimizes contamination risks. Under these
conditions, we achieved a starch conversion yield of 71.93%, a
space-time yield of 2.33 g∙L−1∙h−1, and a total carbon loss of less
than 30%. Collectively, this work provides a sustainable,
photosynthesis-independent strategy for valorizing abundant cel-
lulose waste. By establishing this highly efficient enzymatic toolkit,
we lay a robust foundation for advancing the circular bioeconomy
and addressing global food security challenges.
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