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p-Allulose is one of the most common rare sugars with low calorie and is extensively applied in the food,
cosmetic, and pharmaceutical fields. Here, a novel in vitro multienzyme cascade route (MCAS) was designed to
produce p-allulose from sucrose. The MCAS route comprised three modules (sucrose phosphorolysis, phos-
phorylation-dephosphorylation, and ATP regeneration), including five enzymes (sucrose phosphorylase, fruc-
tokinase, p-allulose 6-phosphate 3-epimerase, p-allulose 6-phosphatephosphatase, and polyphosphate kinase). As

a rate-limiting enzyme, p-allulose 6-phosphate 3-epimerase from Pantoea sp. was semi-rationally engineered, and
variant Y143F led to 88.8% yield of p-allulose from 10 mM sucrose using one-pot strategy. ATP consumption was
reduced to 5% of the sucrose concentration after introducing ATP-regeneration system. At elevated sucrose
concentration of 100 mM by two-step strategy, a p-allulose yield of 70.4% was achieved with a space-time yield
of 1.06 g L™1-h~!. This study provides an efficient and cost-effective approach for producing p-allulose from

sucrose.

1. Introduction

Rare sugars, representing a group of monosaccharides and sugar
alcohols with low abundance in nature (Hayashi et al., 2014; Mijailovic
et al., 2021; Mooradian, 2019; Mooradian et al., 2017), are regarded as
potential functional sweeteners due to their low calories and various
physiological functions (Ahmed et al., 2022; Van Laar et al., 2021). As
an important rare sugar, p-allulose (epimer of fructose at C-3 position) is
considered an excellent substitute of sucrose because of its 70% sweet-
ness and 0.3% energy (Kimura et al., 2017; Tatsuhiro et al., 2002).
Accordingly, p-allulose is extensively applied in baked goods, confec-
tionery, sweet sauces, dairy products, ice cream, desserts, and beverages
(Natsume et al., 2021). p-Allulose can also improve the aroma, taste, and
color of food by inducing the Maillard reaction (O’Charoen et al., 2015).
Moreover, p-Allulose is often used as a metabolic regulator of fattiness
and glucose to prevent obesity and type 2 diabetes mellitus (Hossain
et al, 2015) due to its strong anti-hyperlipidemic and
anti-hyperglycemic effects (Chung et al., 2012; Han et al., 2020; Hayashi
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et al., 2010; Iida et al., 2008; Natsume et al., 2021; Gou et al., 2021;
Jiang & Fang, 2016). Given its inhibitory effect on reactive oxygen
species (Mooradian et al., 2019; Suna et al., 2007) and cancer cell pro-
liferation, p-allulose is also often used as an adjuvant for treating
neurological tissue degeneration and atherosclerosis (Murao et al.,
2007; Takata et al., 2005).

p-Allulose is scarce in nature and exists only in extremely small
quantities of plants (Andreana et al., 2002). Thus, most p-allulose is
synthesized by chemical and biological methods. Generally, the chem-
ical synthesis of ketohexose primarily depends on selective aldol re-
actions synthesis, catalytic hydrogenation, addition reaction, and
Ferrier rearrangement (Northrup & MacMillan, 2004). Consequently,
the following two processes contribute to the chemical synthesis of
p-allulose: (i) one-step isomerization of p-glucose or p-fructose using
molybdenum, and (ii) multistep synthesis of p-allulose using base.
However, these chemical methods for p-allulose synthesis have low
potential for industrialization due to their poor economy, environment
unfriendliness, and low availability. Biotransformation from p-fructose
using p-tagatose-3 epimerase is a potential approach to the production of
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p-allulose, however it suffers less than 50% of conversion due to inevi-
table reversible reaction (Itoh et al., 1994; Wang et al., 2020). For
instance, p-tagatose-3 epimerase from Rhodopirellula baltica obtained by
gene mining and protein engineering could produce 28.6% yield of
p-allulose (Mao et al., 2020). One two-enzyme strategy comprising
p-allulose-3 epimerase and exo-inulinase were performed for p-allulose
synthesis from inulin in Jerusalem artichoke (JA), leading to a 13.4%
p-allulose yield from JA powder (Zhu et al., 2020). Subsequently, after
combining a NGTag/NGCatcher/CsgA system with the two-enzyme
(p-allulose-3 epimerase and exo/endo-inulinase) strategy, a final pro-
ductivity of 0.25 g L-min~' from 100 g/L inulin was achieved (Chen
et al., 2023). Although the yield increased to 64.5% after adding borate,
a mass of byproducts (e.g., p-allulose-borate complex) were also
generated (Kim et al., 2008; Lim et al., 2009). The multienzyme cascade
pathway was developed to break the thermodynamic limitation,
yielding up to 79.2% of p-allulose from 50 g L™! soluble starch with a
space-time yield of 0.37 g L Lh7! (Li et al., 2021). However, this route
was inefficient since lots of enzymes were involved and many
by-products could be generated. Therefore, an efficient and low-cost
approach for the production of p-allulose is urgently necessary.

Sucrose is a low cost and abundant disaccharide around the world,
but its excessive intake increases the risk of many potential diseases (e.
g., obesity and hyperglycemia) (Qi & Tester, 2020). Sucrose is often used
as a raw material for the synthesis of high-value products, such as
cellobiose (Kitaoka et al., 1992), a-p-glucoside (Goedl et al., 2009),
rhamnolipid (Bahia et al., 2018), and kojibiose (Wang et al., 2018).
Herein, a novel multienzyme cascade route for synthesizing p-allulose
from sucrose (denoted as the MCAS route) was designed. It comprised
three modules (sucrose phosphorolysis, phosphor-
ylation-dephosphorylation, and ATP regeneration) and five enzymes
(sucrose phosphorylase (SP), fructokinase (FRK), p-allulose-6-phosphate
3-epimerase (A6PE), p-allulose 6-phosphate phosphatase (A6PP), and
polyphosphate kinase (PPK)). After route optimization and engineering
of the rate-limiting enzyme A6PE, final p-allulose yield of 88.8% was
achieved from 10 mM sucrose. Introducing ATP-regeneration system
further reduced the cost and enhanced the sustainability of this cascade
process. Finally, elevated concentrations of sucrose were also attempted
and optimized.

2. Materials and methods
2.1. Plasmids, strains and chemicals

All strains and plasmids used in this study are listed in Table S1.
Escherichia coli BL21 (DE3) was purchased from Takara (Dalian, China)
and used as the host for recombinant enzyme expression. Plasmids pET-
28a (+) served as vectors for expression. Genes encoding sucrose
phosphorylase from Bifidobacterium adolescentis (BaSP, GeneBank ID:
WP_011742626.1), fructokinase from Clostridium acetobutylicum
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(CaFRK, GeneBank ID : KHD36265.1), p-allulose 6-phosphate 3-epim-
erase from Pantoea sp (PspA6PE, GeneBank ID : WP_039379501.1), b-
allulose 6-phosphate phosphatase from Clostridium thermocellum
(CtA6PP, GeneBank ID : WP_003512401.1), and polyphosphate kinase
from Deinococcus radiodurans (DrPPK, GeneBank ID : WP_010886780.1)
were synthesized by Exsyn Bio Co., Ltd. (Shanghai, China). The stan-
dards of p-allulose, fructose and sucrose were purchased from Yuanye
Bio-Technology Co., Ltd (Shanghai, China). ATP and ADP were procured
from Bidepharm (Shanghai, China). Other chemicals were purchased
from Sangon Biotech (Shanghai, China).

2.2. Cloning and expression of enzymes

Gene fragments (BaSP, CaFRK, CtA6PP, PspA6PE, and DrPPK) were
individually cloned into plasmid pET-28a(+) with the restriction en-
donucleases Bam HI and Xho 1. The recombinant plasmids were then
transformed into the host E. coli BL21 (DE3) for expression. Then, these
recombinant E. coli strains were inoculated in Luria-Bertani (LB) media
containing 50 pg mL~! kanamycin at 37 °C with shaking at 220 rpm
overnight. Subsequently, the overnight incubated cultures were trans-
ferred to new LB media at an inoculation of 1% (v/v). After induction
with 0.2 mM isopropyl-f-p-thiogalactopyranoside (IPTG) at an optical
density at 600 nm of 0.6-0.8, the culture was further incubated on a
rotary shaker (220 rpm) at 16 °C for 20 h. Cells were then harvested by
centrifugation at 8000xg and 4 °C for 5 min.

2.3. Purification of enzymes

The collected cells were resuspended in 50 mM Tris-HCl buffer (pH
8.0) and sonicated on ice for 10 min (power = 300 W). Then, the dis-
rupted solution was centrifuged at 4 °C, 8000xg for 30 min, and the
supernatant was passed through a 0.45 pm filter membrane. Crude en-
zymes were purified using a Ni-NTA affinity column (Qiagen, Chats-
worth, CA, USA). The purity of each enzyme was determined by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

2.4. Enzymatic activity analysis

SP activity was measured by dinitrosalicylic acid (DNS) colorimetry.
The reaction mixture (1.5 mL) containing 400 pL of sucrose (1.48 M),
1090 pL of PBS buffer (50 mM, pH 7.0), and 10 pL of enzyme was
accurately incubated at 50 °C for 10 min. Then, 3 mL of DNS solution
was added and incubated in boiling water for 10 min. After cooling to
room temperature, the mixture was adjusted to 10 mL using deionized
water, and the absorbance value at 540 nm was detected. One unit of SP
was defined as the amount of enzyme required to hydrolyze sucrose to 1
pmol fructose by free enzyme per minute.

FRK activity was determined as follows. A mixture containing 50 mM
Tris-HCI (pH 8.0), 10 mM fructose, 1 mM MgCl,. and 10 mM ATP was
incubated at 40 °C for 10 min. The reaction was terminated in boiling
water for 10 min. The concentration of fructose was assayed by HPLC.
One unit of FRK was defined as the amount of enzyme that consumed 1
pmol fructose per minute.

AG6PE activity was measured by coupling A6PP as follows. A reaction
mixture containing 50 mM Tris-HCl (pH 8.0), 2 mM F6P, 1 mM CoCls,,
0.2 U-mL~! A6PP, and 0.01 mg mL~! A6PE was incubated at 40 °C for
20 min. The reaction was stopped with boiling water for 10 min, and the
released inorganic phosphate was measured by mild pH phosphate
assay”®. One unit of enzyme activity was defined as the amount of
enzyme that released 1 pmol of phosphate per minute.

AG6PP activity was measured through a coupled enzyme reaction with
AG6PE. The reaction was performed at 40 °C for 20 min in 50 mM Tris-
HCI (pH 8.0) including 2 mM F6P, 1 mM CoCly, 1 mg mL~! A6PP, and
1.5 U-mL~! A6PE. One unit of A6PP was defined as the amount of
enzyme required to produce 1 pmol p-allulose 6-phosphate per minute.
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2.5. Optimization of reaction Module I

The reaction of Module I was performed in a 5-mL tube containing 2
mL of mixture, which comprised 10 mM p-fructose, 10 mM ATP, 50 mM
phosphate buffer (pH 7.0), and three enzymes (CaFRK, PspA6PE, and
CtA6PP). The initial reaction temperature and pH were 50 °C and 7.0,
respectively. After incubation for 48 h, the reaction mixture was
terminated with boiling water for 10 min, and the concentration of p-
allulose was measured by HPLC.

HPLC was performed using an Agilent 1260 HPLC system equipped
with a CarboPac Ca%" column (300 mm x 8 mm) and a refractive index
detector. Mobile phase (pure water) was used for elution at 80 °C at a
flow rate of 0.9 mL min'. A 10 pL sample was injected into the
analytical HPLC by using an automatic sampler.

The reaction conditions (temperature, pH, enzyme ratio, metal ions,
and ATP concentration) of Module I were optimized as follows. Based on
the initial conditions, the influence of reaction temperature (35, 40, 45,
50, 55, and 60 °C) and pH (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and
9.5) on p-allulose biosynthesis was investigated. Based on the optimum
reaction temperature and pH, the effect of loading enzymes ratio
(CaFRK-PspA6PE-CtA6PP) on the biosynthesis of p-allulose was also
investigated. To further improve the yield of p-allulose, ATP concen-
trations (0, 2, 5, 10, and 15 mM) and metal ions (Mg, Mn?*, Co?",
Ca?* and Zn?") were optimized.

2.6. Homologous modeling of PspA6PE and molecular docking

The structure model of PspA6PE was built using Discovery Studio 4.5
software package by using the crystallographic structure of A6PE from
E. coli (PDB ID: 3CT7, 58.5% sequence identity with PspA6PE) as tem-
plate. Molecular-docking simulations with fructose-6-phosphate (F6P)
as the ligand were performed using the CDOCKER module under a
default setting within the active site defined by the Binding-Site module.

2.7. Site-directed saturation mutagenesis of PspA6PE

Site-directed mutagenesis of PspA6PE was performed using whole-
plasmid PCR with pET28a-PspA6PE as template. The primers for
alanine scanning and site-directed saturation mutagenesis were listed in
Tables S2 and S3. The PCR program was as follows: 94 °C (5 min); 30
cycles of 98 °C (10 s), 55 °C (30 s) and 68 °C (30 s); 68 °C (10 min) and
final hold at 16 °C. After digestion with Dpn I at 37 °C for 1 h, the PCR
mixture was transformed into E. coli BL21 (DE3) and confirmed by
sequencing. All confirmed variants were expressed and purified with the
same procedure as mentioned above for the wild-type PspA6PE.

A high-throughput screening method was established using molyb-
denum blue method (Saheki et al., 1985). In a typical procedure, a
96-well plate was used to culture the bacteria. After the cells were
collected, the solution (50 mM Tris-HCl, 750 mg L™! lysozyme, and 10
mg L ™! DNase) was added to each well, and the cells were lysed at 37 °C
for 1 h. The supernatant obtained after centrifugation was the crude
enzyme solution. Then, the enzyme-activity method described in Section
2.4 was used for screening.

2.8. Kinetic analysis of PspA6PE and its variants

The activities of PspA6PE and its variants were assayed with F6P
substrate in different concentrations of 0.5-40 mM in Tris-HCl buffer
(50 mM, pH 8.0) at 40 °C. The values of K, and V.5 Were calculated by
the Michaelis—Menten equation using Origin pro 8.6 software. The k¢at
and k¢at/Knm, were also calculated for WT and variants.

2.9. Construction of Module II for ATP-regeneration

To reduce the consumption of ATP, an ATP-regeneration system was
constructed by introducing DrPPK. The initial reaction mixture
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Fig. 1. (A) Schematic of p-allulose synthesis from sucrose via an in vitro
multienzyme cascade biosystem (MCAS) developed in this study. The whole
MCAS comprises three modules and five enzymes: Module I (FRK, A6PE, and
A6PP), Module II (PPK), and Module III (SP). (B) Standard Gibbs free energy
change for the overall reaction. The change in Gibbs free energy is freely
available at: http://equilibrator.weizmann.ac.il.

contained 50 mM Tris HCI buffer (pH 8.0), 10 mM p-fructose, 2 mM ATP,
2 mM sodium hexametaphosphate, 2 mM CoCl,, 0.56 U-mL~! (0.4 pM)
CaFRK, 0.38 U-mL ™! (0.8 pM) PspA6PE, 0.001 U-mL ™! (0.4 M) CtA6PP,
and 0.02 mg mL~! (0.5 uM) DrPPK. Subsequently, the effects of metal
ions, ATP, and sodium hexametaphosphate concentrations were
investigated.

2.10. Construction of Module III for sucrose phosphorylation

A reaction system was established with sucrose as substrate,
including 10 mM PBS (pH 8.0), 10 mM sucrose, 0.5 mM ATP, 2 mM
sodium hexametaphosphate, 4 mM MgCl,, 8.78 U-mL ™" (0.15 pM) BaSP,
0.56 U-mL™! (0.4 uM) CaFRK, 0.38 U-mL™! (0.8 puM) PspA6PE, 0.001
U-mL~! (0.4 uM) CtA6PP, and 0.02 mg mL~! (0.5 uM) DrPPK.

2.11. Biosynthesis of p-allulose through MCAS route from an elevated
concentration of sucrose

An elevated concentration of sucrose (20, 50, and 100 mM) was
attempted in the MCAS route for p-allulose production. The reaction was
performed in a 5 mL tube containing 2 mL of mixture, and the initial
reaction conditions were as follow: 10 mM PBS (pH 8.0), 4 mM MgCl,,
0.5 mM ATP, 2 mM sodium hexametaphosphate, BaSP (8.78 U-mL,
0.15 pM), CaFRK (0.56 U-mL~!, 0.4 pM), PspA6PE (0.38 U-mL~}, 0.8
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HM), CtA6PP (0.001 U-mL~%, 0.4 uM), and DrPPK (0.02 mg mL~}, 0.5
pM). Incubation was conducted at 40 °C for 24 h. The enzymes dosage
and co-substrates were optimized, and the concentration of p-allulose
was determined by HPLC.

3. Results and discussion
3.1. Design of MCAS route for p-allulose synthesis from sucrose

A novel in vitro multienzyme cascade (MCAS) route was designed for
the biosynthesis of p-allulose from sucrose. It comprises three modules
involving five enzymes (SP, FRK, A6PE, A6PP, and PPK) (Fig. 1A). (1)
Module I (phosphorylation—-dephosphorylation) is a cascade synthesis of
p-allulose from p-fructose using three enzymes (FRK, A6PE, and A6PP).
In this module, the phosphorylation of fructose to fructose-6-phosphate
(F6P) is catalyzed by FRK in the presence of ATP. Subsequently, F6P is
epimerized to p-allulose-6-phosphate (A6P) by A6PE and then further
dephosphorylated to generate p-allulose by A6PP. (2) Module II is an
ATP-regeneration system. In this module, ATP synthesis from ADP is
catalyzed by PPK, which is coupled with the phosphorylation of fructose
catalyzed by FRK (from ATP to ADP). (3) Module III (sucrose phos-
phorolysis) is the synthesis of p-fructose from sucrose by phosphorolysis
of SP.

Generally, the Gibbs free energy change (AG) can reflect the system’s
thermodynamics stability (Ji et al., 2023). According to the second law
of thermodynamics, the system becomes more stable with the lower
Gibbs free energy (Dobson, 2004). Therefore, herein the standard Gibbs
free energy was calculated to identify the thermodynamic feasibility of
MCAS route (apart from Module II). As shown in Fig. 1B, the overall
AG’? of sucrose to p-allulose is —35.3 kJ mol~?, indicating that gener-
ating p-allulose from sucrose by this cascade route is thermodynamically
favorable.

To further explore the proof-of-concept experiment of this process, a
2 mL reaction mixture comprising above five enzymes (Table S4) was
incubated at 50 °C for 48 h, and the products were determined by HPLC.
As shown in Fig. S1, compared with the controls, a new peak at an
approximate retention time of 21 min was detected in the reaction
mixture. This product is consistent with the p-allulose standard, indi-
cating the feasibility of the synthesis of p-allulose from sucrose through
MCAS route.

In this MCAS route, the synthesis of high-value p-allulose from su-
crose was achieved with reduced cost after introducing ATP-
regeneration system (Module II). Compared with the traditional one-
step epimerization of p-fructose to p-allulose using p-tagatose 3-epim-
erase (Wang et al., 2020), the MCAS route theoretically broke the
thermodynamic equilibrium due to the irreversibility of the last step
(conversion of p-allulose-6-phosphate to p-allulose catalyzed by A6PP).
Moreover, the substrate cost was decreased by replacing p-fructose with
sucrose. According to the reported multi-enzymes cascade strategy (Li
et al., 2021), numerous enzymes were involved (e.g., a-glucan phos-
phorylase, phosphoglucomutase, phosphoglucose isomerase, p-allulose
6-phosphate 3-epimerase, and p-allulose 6-phosphate phosphatase, iso-
amylase, 4-a-glucanotransferase, polyphosphate glucokinase, and
glucose isomerase), and many by-products could be generated (e.g.,
glucose, fructose, glucose-1-phosphate (G1P), glucose-6-phosphate
(G6P), fructose-6-phosphate (F6P), and p-allulose-6-phosphate (A6P))
(Fig. S2). In this MCAS route, the cascade biosynthesis of p-allulose were
simplified with less enzymes and intermediate products (Fig. S2). To
further enhance the yield of p-allulose via MCAS route, Modules (I, II,
and III) were optimized as follows.

3.2. Optimization of Module I (p-fructose to p-allulose)
3.2.1. Identification and gene mining of the rate-limiting enzyme

In Module I, FRK from C. acetobutylicum (CaFRK), A6PE from
T. thermosaccharolyticum (TtA6PE), and A6PP from C. thermocellum
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Fig. 2. Identification and mining of the rate-limiting enzyme (A) Identification
of the rate-limiting step in Module I. The initial reaction mixture (2 mL) of the
control group including 50 mM PBS buffer (pH 7.0), 10 mM fructose, 0.4 pM
purified CaFRK, 0.4 uM purified TtA6PE, and 0.4 pM purified CtA6PP was
carried out at 50 °C for 12 h. 10 x FRK, 10 x A6PE, and 10 x A6PP mean that
the concentrations of FRK, A6PE and A6PP enzymes were increased to 10-fold
of their initial concentrations. (B) Production of p-allulose from fructose using
one-pot strategy by using ECA6PE, TtA6PE, and PspA6PE. Reaction mixture of 2
mL including 10 mM p-fructose, 10 mM ATP, 50 mM phosphate buffer (pH 7.0),
0.4 pM purified CaFRK and 0.4 pM purified CtA6PP, and 4 pM purified A6PE
enzyme (EcA6PE, TtA6PE or PspA6PE) was performed at 50 °C. Values are
presented as the mean =+ SD from triplicate measurements.

(CtA6PP) were initially selected due to their performance properties of
activity and thermostability (Li et al., 2021; Xu et al., 2020). However, a
low yield of p-allulose (3.1%) was obtained from p-fructose through the
cascade reaction by using these three enzymes. To identify the
rate-limiting enzyme of this module, different loading amounts of each
enzyme were investigated. As shown in Fig. 2A, the yield of p-allulose
increased from 3.1% to 6.2% with 10-fold TtA6PE dosage compared
with the initial attempt, whereas p-allulose yield was not significantly
changed when using 10-fold dosage of CaFRK and CtA6PP, indicating
the rate-limiting enzyme of A6PE in module I.

Subsequently, gene mining of A6PE was performed with BLAST
(https://www.ncbi.nlm.nih.gov/) using TtA6PE as a probe. A6PEs from
Pantoea sp. BRM17 (PspA6PE) and E. coli K-12 (EcA6PE) were selected as
candidate enzymes with >55% sequence identity to TtA6PE. Then, the
cascade reaction was performed using above A6PEs (e.g., ECA6PE,
TtA6PE, and PspA6PE) in a 2-mL reaction mixture, respectively. As
shown in Fig. 2B, the yield of p-allulose increased to 27.7% at 12 h using
PspA6PE, which was 3-fold of that using ECA6PE and TtA6PE. Therefore,
PspA6PE was selected for further investigations.

3.2.2. Optimization of reaction conditions

The reaction conditions of Module I were optimized to further
improve the yield of p-allulose. As shown in Fig. 3A, the highest yield of
p-allulose (18.4% at 24 h) was obtained at 40 °C. Based on the optimum
temperature (40 °C), the effects of reaction pH (5.0-9.5) on the yields of
p-allulose were also investigated. Overall, the yields of p-allulose were
higher within the alkaline range than acidic condition. In particular, b-
allulose showed higher yields in Tris-HCI buffer (pH 7.5-9.0) than in
other buffers, and the highest yield of 23.2% was reached at pH 8.0
(Fig. 3B).

Multienzymes generally exert a complicated performance in cascade
reactions, requiring different amount of each enzyme. In the present
study, the enzyme-loading ratio (CaFRK-PspA6PE-CtA6PP) was also
optimized. As shown in Fig. 3C, the yield of p-allulose increased to
29.5% at an enzyme ratio of 1:2:1 (including 0.4 pM CaFRK, 0.8 pM
PspA6PE, and 0.4 pM CtA6PP). As the rate-limiting enzyme, increased
PspA6PE loading was beneficial to the yield of p-allulose. With an
increased multienzyme ratio (CaFRK-PspA6PE-CtA6PP) of 1:3:1, the
yield of p-allulose (30.4%) was slightly higher than that at 1:2:1.
Considering the cost of enzymes, the optimum ratio of multienzymes
(CaFRK-PspA6PE-CtA6PP) was determined to be 1:2:1.

CaFRK is an ATP-dependent enzyme, and the effect of various
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Fig. 3. Optimization of reaction conditions for p-allulose production in terms of temperature (A), pH (B), enzyme ratio (C), ATP concentrations (D), metal ions (E),
and Co?* concentrations (F). Values were presented as the mean + SD from triplicate measurements. The initial conditions were 10 mM p-fructose, 10 mM ATP, 50
mM PBS buffer (pH 7.0), 0.4 uM purified CaFRK, 0.4 pM purified CtA6PP, and 0.4 pM purified PspA6PE.

concentrations of ATP was also investigated. As shown in Fig. 3D, the
yield of p-allulose reached the highest (76%) at 24 h with an ATP con-
centration of 10 mM, and a significantly decreased p-allulose was
observed with ATP concentrations less than 10 mM. However, with
increased ATP concentration to 15 mM, the yield of p-allulose also
slightly decreased compared with that at 10 mM, which may be attrib-
uted to the inhibitory effect of excess ATP.

Afterwards, the effects of metal cations in module I were investi-
gated. Various metal ions (1 mM of Mn%*, Ca%*, Co?*, Mg?*, and Zn?*")
were added to the cascade reaction system. Compared with the control
(without metal ions), addition of Co?*, Mg?*, and Zn%" resulted in
increased p-allulose yield by 3.2-, 1.9-, and 1.3-fold, whereas Mn?" and
Ca?" slightly inhibited the cascade effect (Fig. 3E). Subsequently, the
concentration of Co?>" was optimized. As shown in Fig. 3F, with
increased Co?' concentration from 0 to 2 mM, the yield of p-allulose
increased from 20% to 79% at 6 h, and nearly kept constant with pro-
longed time (6-24 h). With high concentrations of Co?t (e.g., 5and 10
mM), the yields of p-allulose were similar to that with 2 mM Co?*.
Consequently, to avoid excess heavy-metal ion, 2 mM Co®" was selected
for further investigation.

Therefore, the optimum conditions for the synthesis of p-allulose
from 10 mM fructose (Module I) were determined as follows: 2 mL of
reaction mixture containing 50 mM Tris-HCI buffer (pH 8.0), 10 mM
ATP, 2 mM CoCly, 0.4 pM (0.56 U-mL™! equivalent) CaFRK, 0.8 pM

(0.38 U-mL ! equivalent) PspA6PE, and 0.4 uM (0.001 U-mL ™! equiv-
alent) CtA6PP, incubated at 40 °C for 6 h. Under above condition, 79.3%
of yield of p-allulose was obtained, which was 4-fold higher than that
under the initial conditions.

3.3. Semi-rational engineering of PspA6PE and mechanism analysis

To further improve the yield of p-allulose, the rate-limiting enzyme
PspA6PE was engineered based on structural analysis. Homology
modeling of PspA6PE was constructed using ECA6PE (PDB: 3CT7, 58.5%
sequence identity with PspA6PE) as the template. Subsequently, mo-
lecular docking was performed with F6P as the ligand. As shown in
Fig. S3A, the structure of PspA6PE comprised a (f8/a)g-barrel, and the
eighth p-strand was used for binding substrate. A total of 24 residues are
located at the substrate-binding pocket within 3 A and have interactions
(hydrogen bonds and van Der Waals force) with the ligand. Based on
conservation analysis of above 24 residues (sequence blast of 1280
A6Pes in NCBI) (Fig. S3B), 9 residues (e.g., M10, C11, P141,Y143,S177,
C178, 1195, T198, and G200) with low conservatism were selected for
further alanine scanning. As shown in Table S5, except variant S177A,
other eight variants showed significantly different activities from wild-
type PspA6PE (WT). Consequently, these eight residues were subjected
to site-directed saturation mutagenesis (Fig. S4), and three variants
(Y143F, C178V, and T198S) with 30% higher activities than WT were
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Table 1
Specific activity and kinetic parameters of PspA6PE and variants.

Enzymes Specific Activity Keat Kn Keat/Km (min~!
(Umg™) (min™1) (mM) mM™)
Wild type 9.4+ 0.1 78.2 + 10.3 £ 7.6
(WT) 3.1 1.1
Y143F 11.6 + 0.5 77.9 £ 85+ 9.1
3.0 1.8
C178V 12.3 + 0.4 66.4 + 8.8 + 7.5
3.3 1.2
T198S 11.7 £ 0.2 733+ 8.7 + 8.4
4.9 1.6

obtained for further characterizations.

As shown in Table 1, compared with PspA6PE WT, the activities of
variants Y143F, C178V, and T198S increased by 23%, 30%, and 24%,
respectively. Kinetic analysis showed that all variants displayed lower
K, values than WT, suggesting enhanced substrate affinity. Moreover,
variant Y143F enhanced its catalytic efficiency with the highest kcat/Km
value of 9.1 min~! mM ™}, which was 1.20-fold of that of WT. The per-
formance of these three variants were evaluated in the cascade reaction.
As shown in Fig. 4A, variant Y143F showed the highest yield of p-allu-
lose (90.7%), which was 14.3% higher than that of WT.

Thermostability analysis of the PspA6PE WT and best variant Y143F
was also performed. As shown in Fig. 4B, compared with WT (t;,2 =
14.6 min), the half-life of variant Y143F at 40 °C (t;,» = 24.4 min)
increased by 67%, suggesting higher thermostability of variant Y143F.
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As shown in Fig. 4C, the optimum temperature of WT and variant Y143F
was 40 °C. Moreover, Y143F showed 65.3% higher yield of p-allulose
than WT at 60 °C, which was remarkably improved than that at 40 °C
(only 14.3% higher yield by Y143F than WT) (Fig. 4C), also suggesting
higher thermostability of variant Y143F. These results indicate that the
thermostability of PspA6PE plays a vital role in the cascade route for p-
allulose synthesis.

Furthermore, the mechanism of enhanced catalytic efficiency of
Y143F was analyzed based on its structure model. As shown in Fig. 5,
one hydrogen bond was observed between Tyr143 and Lys42, causing
Tyr143 to be far away from the ligand (F6P) in WT. However, in Y143F,
the hydrogen bond between Phel43 and Lys42 disappeared, and one
new hydrogen bond between Phe143 and the substrate F6P is formed.
This phenomenon may contribute to the enhanced substrate affinity and
catalytic efficiency of variant Y143F.

3.4. Construction and optimization of Module II (ATP regeneration)

In Module I, the phosphorylation of fructose by CaFRK requires a
large amount of expensive ATP as activation energy. To reduce the
consumption of ATP, an ATP-regeneration system was constructed as
Module II. Generally, ATP-regeneration system is a coupled system
comprising ATP biosynthesis and ATP-consuming reactions (primarily
based on phosphorylation) (Andexer & Richter, 2015). Kinases are
typically used to catalyze the phosphorylation of ADP or AMP for ATP
regeneration. Recently, PPK has been used for ATP regeneration because
it can use low-cost inorganic polyphosphate as the phosphate donor.
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Fig. 4. Analysis of p-allulose yield and thermostability of PspA6PE WT and variants. (A) Cascade synthesis of p-allulose from 10 mM fructose by PspA6PE and
variants. Reactions were performed using same dosage of PspA6PE WT and variants (0.09 U mL 1) for 6 h. (B) Thermostability of PspA6PE WT and variant Y143F at
40 °C. (C) Cascade synthesis of p-allulose from 10 mM fructose using PspA6PE WT and variant Y143F at different temperatures. Values are presented as the mean +

SD from triplicate measurements.
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PPKs can be classified into two families based on their difference in
amino acid sequence and kinetics, designated as polyphosphate kinase
family 1 (PPK1) and polyphosphate kinase family 2 (PPK2) (Ishige et al.,
2002; Zhang et al., 2002). Generally, the activity of PPK2 is higher than
that of PPK1 when using polyphosphate as substrate to regenerate ATP.
PPK2 can be divided into three subfamilies (classes I, II, and III) based on
phylogenetic analysis and catalytic properties (Motomura et al., 2014).
PPK2-1 and PPK2-II can catalyze the generation of ATP by using ADP
and AMP as the substrate, respectively. Whereas, PPK2-III can catalyze
the phosphorylation of both AMP and ADP. Consequently, PPK2-III from
Deinococcus radiodurans (DrPPK) was selected for the ATP regeneration
in this study.

Reactions catalyzed by PPK usually require the addition of Mg+,
thus the effects of Mg?* and Co®>" (2 mM) on PPK were investigated.
With addition of Mg?™, the yield of p-allulose was 78.2% higher than
that using Co?* at 12 h (Fig. 6A). Subsequently, the concentration of
Mg%" was optimized to be 4 mM (Fig. 6B). The effect of various ATP
concentrations (0.25, 0.5, 1, and 2 mM) on yields of p-allulose after
introducing the ATP-regeneration system was also investigated. As
shown in Fig. 6C, 89.3% yield of p-allulose was obtained at 2 mM ATP,

which is higher than that at 10 mM ATP without Module II (Fig. 3D).
Moreover, with decreased ATP concentration to 5% of the substrate (0.5
mM), the yield of p-allulose retained over 80%, suggesting that the
introduced ATP-regeneration system can efficiently reduce ATP con-
sumption without significantly affecting the yield of p-allulose. Addi-
tionally, the effect of sodium hexametaphosphate concentration was
also investigated, and the optimum concentration of sodium hexame-
taphosphate was determined to be 2 mM (Fig. 6D).

3.5. Construction and optimization of Module III (sucrose
phosphorolysis)

To replace p-fructose with cheap sucrose as the substrate, Module III
for sucrose phosphorolysis was constructed. Sucrose phosphorylase was
introduced to catalyze the phosphorylation of sucrose for producing p-
fructose, which was further converted into p-allulose by Modules I and
II. Given that phosphorylation requires phosphate as a donor, PBS buffer
(pH 8.0) was used instead of Tris-HCI buffer (pH 8.0).

In Module III, sucrose phosphorylases from B. adolescentis (LmSP)
and Leuconostoc mesenteroides (BaSP) were evaluated, and their specific

Table 2

Summary of p-allulose produciton under different conditions.
Sucrose (mM)  “ Strategy ~ ” Co-substrates PBS(mM)  “Enzymesdosage  Yield (%)  Space-time yield Production S/C(x10%)

concentration (g-L’l-h’l) (g-L’l)

10 one-pot 1 x Init 10 1 x Dos 88.8 0.13 1.6 4.4
20 one-pot 2 x Init 20 1 x Dos 84.5 0.25 3.0 8.8
20 one-pot 2 x Init 20 2 x Dos 85.6 0.26 3.1 4.4
50 one-pot 5 x Init 50 1 x Dos 38.5 0.29 3.5 22
50 one-pot 5 x Init 50 2.5 x Dos 70.8 0.53 6.4 8.8
50 one-pot 5 x Init 10 2.5 x Dos 82.8 0.62 7.4 8.8
100 one-pot 10 x Init 10 5 x Dos 45.8 0.69 8.3 8.8
100 Two-step 10 x Init 10 5 x Dos 70.4 1.06 12.7 8.8

a «

one-pot” means that all substrates (including co-substrates), enzymes, and PBS buffer were simultaneously added to the reaction mixture. “two-step” means the

whole MCAS route comprises two steps. The first step was the phosphorylation of sucrose catalyzed by BaSP in PBS buffer (pH 8.0). After 2 h, in the second step other
co-substrates (e.g., ATP and sodium hexametaphosphate) and enzymes (e.g., PspA6PE, CaFRK, CtA6PP, and DrPPK) were added to the mixture for continued reaction.
b “Init” means the initial concentrations of co-substrates (sodium hexametaphosphate/ATP/Mg?* = 2 mM/0.5 mM/4 mM).
¢ “Dos” means the initial dosage (2.25 pM) of all enzymes including BaSP (0.15 uM), CaFRK (0.4 uM), PspA6PE (0.8 uM), CtA6PP (0.4 uM), and DrPPK (0.5 pM).
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conducted at 40 °C for 24 h. (B) Proposed regulation mechanism of phosphate on cascade biosynthesis of p-allulose.

activities of LmSP and BaSP were 461 and 351 U-mg~ !, respectively.
Whereas, the residual activity of BaSP (100%) was 4-fold of that of LmSP
(25%) after 30 min at 50 °C, suggesting the higher thermostability of
BaSP (Fig. S5A). Moreover, BaSP yielded up to >90% of fructose from
sucrose at 10 min at 50 °C and 60 °C, and remained stable with pro-
longed time, which was 6-8-fold higher than that of LmSP (Fig. S5B).
Thus, BaSP was selected for Module III in this study.

Based on the above optimizations, the complete MCAS route
including three Modules (I, II and III) was performed as follows: 10 mM
PBS buffer (pH 8.0), 0.5 mM ATP, 4 mM MgCl,, 2 mM sodium hexam-
etaphosphate, 8.78 U-mL~! (0.15 pM) BaSP, 0.56 U-mL™! (0.4 pM)
CaFRK, 0.38 U-mL~" (0.8 pM) PspA6PE, 0.001 U-mL ™" (0.4 pM) CtA6PP,
and 0.02 mg mL ! (0.5 pM) DrPPK. Under above conditions, 88.8% b-
allulose was obtained from 10 mM sucrose.

3.6. p-Allulose synthesis at elevated concentrations of sucrose

Elevated concentrations of sucrose were attempted in MCAS route
for p-allulose synthesis. As shown in Table 2, with increased sucrose
concentration to 20 mM, a marginal increasement of p-allulose yield
(from 84.5% to 85.6%) when total enzymes dosage increased from 2.25
UM (S/C = 8.8 x 10%) to 4.5 uM (S/C = 4.4 x 10%), indicating little effect
of enzymes amount for the cascade reaction at 20 mM sucrose. However,
when sucrose concentration increased to 50 mM, the yield of p-allulose
dramatically decreased to 38.5% with 2.25 pM of enzymes dosage (S/C
= 2.2 x 10%), and increased to 70.8% with increased enzyme dosage to
2.5-fold (S/C = 8.8 x 10%), suggesting pivotal role of sufficient enzymes
dosage at the elevated concentration (50 mM) of sucrose. Furthermore,
the decreased PBS concentration (10 mM) was conducive to p-allulose
production, resulting 82.8% yield at 50 mM sucrose, suggesting the
phosphate concentration plays an important role in regulating the MCAS
route.

However, with further increased sucrose concentration to 100 mM,
the yield of p-allulose drastically decreased to 45.8% in one-pot reaction
(Table 2). To understand the limitation of p-allulose production, the
residual substrate (sucrose), product (p-allulose) yield, and pH were
monitored during the reaction (Fig. 7A). In the one-pot strategy, all the
enzymes and substrate/co-substrates were added at the beginning of the
reaction. The initial pH of 6.0 was decreased to 5.0 after 2 h, then kept
constant at pH 5.0 during 2-24 h. Meanwhile, nearly 40% of sucrose was
remained at 2 h, and over 20% of sucrose was not utilized after 12 h. The
yield of p-allulose gradually increased to 45.8% at 12 h, then slightly
decreased in 12-24 h. Notably, in one-pot strategy, a substantial amount
of protein precipitation was observed in the reaction, which was iden-
tified as inactivated enzymes (consistent with molecular weights of

BaSP, PspA6PE, CaFRK, and DrPPK) by SDS-PAGE (Fig. S6). In the two-
step strategy, the MCAS route comprised two steps. First, the phos-
phorylation of sucrose catalyzed by BaSP was conducted in PBS buffer
(pH 8.0). After 2 h, other substrates (e.g., ATP and sodium hexameta-
phosphate) and enzymes (e.g., PspA6PE, CaFRK, CtA6PP, and DrPPK)
were added for continued reaction. During the first step (0-2 h), 80% of
sucrose was utilized by BaSP at pH 8.0. In the second step, p-allulose was
produced and 70.4 % yield was reached with less than 5% residual su-
crose at 12 h (pH 5.5) (Fig. 7A).

Using two-step MCAS strategy, the highest p-allulose yield of 70.4%
was reached at an elevated sucrose of 100 mM, leading to a space-time
yield of 1.06 g L™1h™! at S/C of 8.8 x 10°. Compared with <30% yield
in p-tagatose-3 epimerase approach (Mao et al., 2020; Wang et al.,
2020), p-allulose yield of this MCAS route is over 2-fold higher. In the
multi-enzyme synthesis of p-allulose from starch (Li et al., 2021), 79.2%
yield was obtained by breaking thermodynamic limitation, the
space-time yield (0.37 g L™!-h™1) was much lower than this study.

To explain the different performance of one-pot and two-step stra-
tegies, a regulatory mechanism on cascade synthesis of p-allulose was
proposed (Fig. 7B). In one-pot approach, additional ATP and sodium
hexametaphosphate resulted in an acidic initial pH of 6.0, which has
inhibitory effect on BaSP, leading to poor utilization of sucrose and PO3~
(from PBS buffer). Along the reaction, most PO;~ produced via
dephosphorylation by A6PP was accumulated, causing a lower pH of
5.0, which further inhibited the activities of most enzymes (e.g., BaSP,
PspA6PE, CaFRK, and DrPPK). In two-step strategy, sucrose phosphor-
ylation reaction by BaSP was performed under its optimum alkaline
condition (pH 8.0) in the first step, and most PO?( was converted to
G1P, avoiding low pH caused by excessively accumulated POz ™. These
results indicate that excessive PO}~ is not conducive to the production of
p-allulose, which may be responsible for the improved p-allulose yield
from 100 mM sucrose using two-step strategy (Fig. 7A), as well as the
relatively higher p-allulose yield (82.8%) in 10 mM PBS buffer at 50 mM
sucrose (Table 2).

4. Conclusion

A novel in vitro cascade route (MCAS) for biosynthesis of value-added
p-allulose from inexpensive sucrose was successfully constructed in
E. coli by combining sucrose phosphorolysis (Module III), p-allulose
synthesis from p-fructose (Module I), and ATP regeneration (Module II).
PspA6PE was further engineered by semi-rational design, and the best
variant Y143F was obtained with 14.3% higher yield of p-allulose than
that of WT. After optimization, 88.8% yield of p-allulose was achieved
from 10 mM sucrose, and the ATP consumption was decreased to 5% of
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sucrose dosage. At an elevated concentration of sucrose (100 mM), the
two-step approach led to p-allulose yield of 70.4% with a space-time
yield of 1.06 g L™"-h™! and S/C of 8.8 x 10°. This newly designed
MCAS strategy is a potential route toward the efficient production of p-
allulose with reduced cost.
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