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Abstract

ATP, an important cofactor, is involved in many biocatalytic reactions that require energy. Polyphosphate kinases (PPK)
can provide energy for ATP-consuming reactions due to their cheap and readily available substrate polyphosphate.
We determined the catalytic properties of PPK from different sources and found that PPK from Cytophaga hutchinsonii
(ChPPK) had the best catalytic activity for the substrates ADP and polyP,. An extracellular—intracellular dual system
was constructed to high-throughput screen for better catalytic activity of ChPPK mutants. Finally, the specific activity
of ChPPKpgan-k103e Mutant was increased by 4.3 times. Therefore, we focused on the production of L-theanine cata-
lyzed by GMAS as a model of ATP regeneration. Supplying 150 mM ATP, GMAS enzyme could produce 16.8+1.3 g/L
L-theanine from 100 mM glutamate. When 5 mM ATP and 5 U/mL ChPPKpg w103 Were added, the yield of L-theanine
was 16.6+0.79 g/L with the conversion rate of 95.6+4.5% at 4 h. Subsequently, this system was scaled up to 200 mM
and 400 mM glutamate, resulting in the yields of L-theanine for 32.3+1.6 g/ and 62.7+ 1.1 g/L, with the conversion
rate of 92.8+4.6% and 90.1 + 1.6%, respectively. In addition, we also constructed an efficient ATP regeneration system
from glutamate to glutamine, and 13.8+0.2 g/L glutamine was obtained with the conversion rate of 94.4+1.4%

in 4 h after adding 6 U/ mL GS enzyme and 5 U/ mL ChPPKpg,n k1030 Which further laid the foundation from glu-
tamine to L-theanine catalyzed by GGT enzyme. This proved that giving the reaction an efficient ATP supply driven

by the mutant enzyme enhanced the conversion rate of substrate to product and maximized the substrate value.
This is a positively combination of high yield, high conversion rate and high economic value of enzyme catalysis. The
mutant enzyme will further power the ATP-consuming biocatalytic reaction platform sustainably.
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Introduction

Adenosine triphosphate (ATP) is an essential high-energy
phosphate compound in living organisms [1]. It provides
energy for processes such as synthesis, transportation,
information transfer and so on in living cells [2]. ATP is
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in the reaction. S-Adenosylmethionine (SAM), a donor
of transmethyl, transaminopropyl and transsulfur, also
directly requires ATP as a substrate. D-allulose is an
effective substitute for sugar in food, which can be gen-
erated by transferring the phosphate group of ATP to
D-fructose [6]. ATP energy drives the formation of amide
bonds and catalyzes the reduction of carboxylic acids to
aldehydes [7]. Aliphatic amines and carboxylic acid sub-
strates produce amides and AMP under the action of
ATP-dependent amide bond synthetase. In addition, the
catalytic reactions from AMP to ATP may be more com-
plex, with most involving two enzymes. Given the time
and reaction cost of biological reactions, it does not seem
feasible to add a large amount of additional ATP, which
requires us to seek the sustainability and circularity of
ATP supply methods.

At present, many enzymes have been reported to be
used for ATP regeneration, such as pyruvate kinase (PK),
creatine kinase (CK), acetate kinase (AK) and polyphos-
phate kinase (PPK) [8]. However, systems based on phos-
phoenolpyruvate (PEP), acetyl phosphate, and creatine
may have problems with expensive, product inhibition
or low stability, which limit the application of these tech-
nologies in large-scale production. It is preferred to use
the cheap substrates, minimize the amount of enzyme
in the process and the simple form of catalysis [9]. Inor-
ganic polyphosphate (polyP) with a linear polymer of
several phosphate has been found in all living cells con-
taining archaea, bacteria, and eukaryote [10], serving as
stress and survival, energy, cellular motility, biofilm for-
mation [11] and a chelator of metal ions [12]. Recently,
the reversible reaction of polyphosphate kinases (PPK)
catalyzed by inorganic polyphosphate to ATP has
attracted much attention. PPK can be divided into two
families, PPK1 and PPK2 [13]. PPK1 tends to synthesize
polyP using the terminal phosphate of ATP as substrate.
Genetic and biochemical studies have identified the
role of PPKs in polyP biosynthesis, such as Escherichia
coli. PPK2s show the opposite characteristics which can
catalyze polyP as a donor to adenosine phosphorylation
[14]. PPK2s can be divided into three subfamilies (PPK2
I, PPK2 II, PPK2 III) [15]. PPK2 I prefer to convert ADP
to ATP [16], PPK2 II may accept AMP as substrate for
ATP regeneration [13] and PPK2 III have the ability to
phosphorylate adenosine monophosphate and adenosine
diphosphate at the same time [17].

In this work, we performed substrate profiling and sub-
strate tolerance analysis for PPK from different sources
and constructed a high-throughput dual system screen-
ing with intracellular and extracellular to screen the bet-
ter enzyme activity of PPK-mutants. Molecular docking
and structural analysis revealed the catalytic efficiency
of the enzyme could be highly improved by enlarging
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the dual-substrate channel cavity. At the same time, this
mutation could improve the utilization range of the sub-
strate polyphosphates and the tolerance at different con-
centrations of polyphosphate. Therefore, based on this
mutant enzyme, we developed a platform model for ATP
regeneration to produce L-theanine and glutamine. With
greatly reduced cost and broadened substrate selection
range, this efficient ATP regeneration system will be fur-
ther used in biocatalytic reactions.

Materials and methods

Strains, chemicals and culture condition

All strains and plasmids used or constructed in this
work are listed in Additional file 1. The genes of B/[PPK
(WP_112868569.1), CgPPK (WP_074495911.1), PaP-
PK2I (WP_003112634.1), PaPPK2II (WP_070331057.1),
PgPPK2III  (WP_003091935.1) were amplified from
E. coli, C. glutamicum, Pseudomonas aeruginosa. The
genes of EbPPK from Erysipelotrichaceae bacterium
[18] (HCY06753.1), ChPPK from Cytophaga hutchin-
sonii (WP_011583516.1), gmas (MN514852.1) from
Methylovorus mays were synthesized by GENEWIZ
Bio Inc (Suzhou, China), respectively. The glnA (NZ_
LOQW01000025.1) gene was amplified from the genome
of C. glutamicum. All genes were introduced into the
plasmid pET-28a (+) or pXMJ-19. These recombinant
plasmids were then transformed to E. coli BL21 (DE3).
E. coli was grown in LB liquid medium-containing
5 g/L yeast extract, 10 g/L tryptone, and 10 g/L NacCl at
37 °C. LB solid medium was that 1.8 g agar were added
per 100 mL of LB liquid medium. 50 pg/mL kanamy-
cin or 10 pg/mL chloramphenicol were added to the
LB medium. PolyP,;, polyP,, and polyP, (n>10) were
purchased from Aladdin (Shanghai, China) Co., LTD.
Hexokinase and glucose-6-phosphokinase were pur-
chased from Merck Sigma-Aldrich Co., LTD. L-Glu-
tamate (BC Grade,>99%), L-cysteine (Reagent Grade,
98.5%), L-glycine (BC Grade, 98.5%), and glutathione
(Reagent Grade, 98.5%) were purchased from Sangon
Biotechnology (Shanghai, China) Co., LTD. The ran-
dom mutation kit was purchased from Beijing TITANDZ
Biotechnology Co., LTD., and the other reagents were
purchased from Sinopharm Chemical Regent Co., LTD.
Prices for all chemicals in the manuscript refer to Mack-
lin (Shanghai, China).

Protein overexpression and purification

The recombinant cells were incubated in 10 mL LB
medium at 37 °C for 12 h. Then, 1% cultures were
transferred to 50 mL of LB medium in 250-mL flasks
and cultivated at 37 ‘C. PPK, glutamylmethyla-
mide synthetase (GMAS) and glutamine synthetase
(GS) overexpression was induced by adding 0.2 mM
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isopropyl-B-d-thiogalactoside (IPTG) until the ODg,
achieved 0.7, and then the cells were incubated at 16 C
and 220 r/min for 18 h [19]. The cells were suspended
in pH 7.4, 200 mM PBS buffer and lysed by sonication
(15 min at 4 °C) on ice to release intracellular proteins.
The resulting suspension was centrifuged at 11,100 g
for 25 min at 4°C and the liquid supernatant were col-
lected. The supernatant was applied to a Ni’*-NTA
column to get the purified enzymes. Protein purifica-
tion was performed as described previously [20]. The
purified proteins were analyzed via SDS-PAGE. Protein
concentration was determined by the Bradford method
[21].

Enzyme activity and kinetic parameters

Hexokinase (HK) is responsible for catalyzing the first
step in glycolysis. It causes glucose and ATP to form
glucose-6-phosphate and ADP. Glucose-6-phosphate
dehydrogenase (G6PD) is a key enzyme in the pentose
phosphate pathway and can convert glucose-6-phos-
phate and NADP to NADPH and gluconolactone
6-phosphate[22]. The enzyme activity of PPK was
determined by HK and G6PD [23]. The reaction mix-
tures (2 mL) contained the final concentrations of
100 mM Tris—HCI (pH 8.0), 10 mM glucose, 10 mM
NADP, 25 mM MgCl,, 10 mM ADP, 50 mM polyP,, 5 U
HK, 5 U G6PD and enzyme. The reaction was initiated
by the addition of polyP,. To verify the effects of polyP-
chain length, we select polyP;, polyP,, polyP, (n>6)
in reaction mixtures. 50 mM, 100 mM, 150 mM and
200 mM polyP, were applied for exploring the effects of
polyP, concentration. The mixture containing 10 mM
ADP or 10 mM AMP were also analyzed. The reaction
was incubated at 35°C for 30 min and the mixture was
measured at 340 nm for absorbance value. One unit of
PPK (1 U) is defined as the amount of enzyme required
to produce 1 pmol ATP per minute.

The K, and V,_,, values of the enzyme were deter-
mined by double reciprocal method [24]. The K, and
Vinax Values of the WT, D82N and K103E were meas-
ured of 100 mM Tris—HCI (pH 8.0) with different con-
centrations of ADP (0.1 to 5 mM) and polyPy (1 to
7.5 mM), respectively. The kinetic parameters of ADP
and polyP, were determined by the enzyme activity
method described above. All experiments were per-
formed in triplicate.

Enzyme activity of GS was determined as described
previously [3]. The reaction solution was centrifuged
at 15,984 g for 5 min, and the absorbance value of the
supernatant was measured at 540 nm. One unit of GS (1
U) is defined as the amount of enzyme required to pro-
duce 1 pmol y-glutamyl hydroxamic acid per minute.
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Creation of the mutant library by error-prone PCR

The error-prone PCR of chppk gene was performed by
TIANDZ error-prone PCR kit (https://tiandz.etlong.
com/). The plasmid pXM]J-19-tac-ChPPK was used as
template, and the F and R primers are seen Additional
file 1 and were applied to obtain the mutant fragments
of ChPPK from error-prone PCR, accompanied by the
changes of MgCl, and MnCl, [25]. The fragments were
ligated to the plasmid pXM]J-19-rruB P1-GFP and then
transformed to the E. coli BL21 (DE3). The transformed
strains were spread on LB-agar plates containing 10 pg/
mL chloramphenicol and incubated at 37 °C for 24 h for
obtaining transformants (BL21/pXM]J-19-tac-ChPPK-
muts- rruB P1-GFP).

Construction of extracellular-intracellular dual system

to high-throughput screen

The extracellular high-throughput screening method
is based on the chromogenic reaction. It was reported
that 3,3/,5,5/—tetramethylbenzidine (TMB) has a ben-
zidine structure, which contains two amidogens that
are easy to oxidize. ATP has the property of peroxi-
dase, which can catalyze the oxidation of TMB by H,0,
under weak acidic conditions [26]. The oxidized TMB
solution appears blue and has an absorbance value at
652 nm [27]. The transformants mentioned above (BL21/
pXMJ-19-tac-ChPPKmuts-rrnB P1-GFP) were cultured
in 24-well plates containing 3 mL LB medium for 12 h
at 37 °C, and then 1% of the inoculum were transferred
to the new 24-well plate that cultured at 37°C for 2 h. 0.5
mM IPTG were added to the 24-well plate for induc-
tion at 16 °C for 12 h. The culture mediums were washed
twice with PBS buffer (pH 7.4), and then the cells were
collected for subsequent experiments. The mutants with
high enzyme activity were screened by TMB-H,0,-ATP
chromogenic method [28]. First, 1 mL Tris—HCl (pH
8, 50 mM) of the solution A contained 10 mM polyP,
5 mM MgCl,, 10 mM ADP and the collected cells. The
solutions were reacted at 35 “C for 1 h. After centrifuga-
tion at 15,984 g for 1 min, 400 uL of the supernatant was
taken and added to the solution B of 200 mM PBS buffer
(pH 5.0) containing 5 mM TMB, 100 mM H,0, at 40 C
for 30 min. The reaction solutions were terminated with
10% trichloroacetic acid. The solutions were screened for
mutants with improved enzyme activity by detecting the
absorbance value at 652 nm. In order to make the reac-
tion more sensitive to the detection of ATP, we first opti-
mized the concentration of TMB and H,0,. We observed
the effects of different concentrations of TMB (1 mM, 5
mM, 10 mM) and H,O, (50 mM, 100 mM, 200 mM) on
the absorbance values of different concentrations of ATP
(0.1 mM, 0.5 mM, 1 mM, 2.5 mM, 5 mM).
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The activity of the ribosomal RNA promoter rrnB P1
has been shown to depend on ATP concentration in E.
coli cells [29]. RNA polymerase holoenzymes and rrnB P1
form a very short active complex that requires high con-
centrations of ATP to initiate transcription of rRNA. We
used the strains BL21/pXM]J-19-tac-ChPPKmuts-rrunB
P1-GFP to detect the fluorescence value. The mutants
were selected and cultured in 24-well plates at 37 °C for
12 h. 1% of the inoculum were transferred to the new
24-well plate that cultured at 37 °C for 2 h. 0.5 mM IPTG,
5 mM ADP and 8 mM polyP, were added to the 24-well
plate for induction at 16 ‘C for 12 h. The strains were col-
lected and were suspended in PBS buffer. The fluores-
cence value was detected by Elisa, with the ODy, value.
We selected mutants with high fluorescence value/ODy,
value for subsequent experiments, compared with the
wild type.

Site-directed saturation mutation

Residues D82 and K103 in wild-type ChPPK were
mutated to the remaining 20 amino acids by site-directed
PCR [30], respectively. Site-directed mutagenesis was
accomplished by designing primers containing the spe-
cific mutant sequences, which are shown in Table S3.
The pXM]J-19-chppk was used as the DNA template. The
plasmids were transformed into E. coli BL21 (DE3) and
spread on LB-agar plates containing 10 pug/mL chloram-
phenicol and incubated at 37 °C for 24 h. The mutants
with correct DNA sequencing were selected for enzyme
activity analysis.

Structural analysis of ChPPK and mutants

The PDB ID of the protein ChPPK was 6AN9. Dock-
ing between substrate and protein was completed by
Schrodinger-glide dock and the best docking position
was selected by docking analysis. Import the docking
box and ligand, set the docking accuracy to SP (stand-
ard precision). The root mean square deviation (RMSD)
reflects the position change degree of the molecular
structure with time (shift degree), while the root mean
square deviation (RMSF) represents the freedom degree
of movement of each atom in the molecule [31]. RMSD
and RMSF were performed by using GROMACS [32].
MD simulations were performed using GROMACS
2019.623 and GROMOS96 force fields 24. Each system
is immersed in a dodecahedral tank of spc216 domi-
nant water, and steps such as energy minimization, sys-
tem balancing, and production protocols are performed
after neutralizing the charge of the system. 2 ns canoni-
cal ensemble (NVT) and constant-pressure, constant-
temperature (NPT) were run at 300K with a step size of
2 fs. Finally, a 30-ns simulation was run at 300K with a
step size of 2 fs. The software Pymol (Pymol Molecular
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Graphics System, 2.0 Schrodinger, LLC) was used to visu-
alize the proteins.

Determination for the ability to regenerate ATP

Systems for the ATP-producing capacity of PPK enzymes
(200 mL) included Tris—HCI (100 mM, pH 8), 20 g/L
polyP,, 20 g/L ADP, 10 g/L MgCl, and the pure enzymes
(5 U/mL). The reaction was at 37 °C, 150 r/min in the
shaker for 24 h. Samples were placed in boiling water for
5 min to terminate the reactions and measured the pro-
duction of ATP.

Construction of ATP-regeneration platform

System of L-theanine production (200 mL) by GMAS
enzyme consists of Tris—HCl (100 mM, pH 8.0),
100/200/400 mM L-glutamate, 100/200/400 mM ethyl-
amine, 200 mM (NH,),SO,, 50 mM polyP, 5 mM ATP,
50 mM MgCl,, 5 U/mL PPK, 10 U/mL GMAS. The reac-
tion was at 37 ‘C, 150 r/min in the shaker for 24 h. System
of glutamine production (200 mL) by GS enzyme consists
of Tris—HCI (100 mM, pH 8.0), 100 mM L-glutamate,
100 mM (NH,),SO,, 50 mM polyP,, 5 mM ATP, 50 mM
MgCl,, 5 U/mL PPK, 6 U/mL GS. The reaction was at 37
°C, 150 r/min in the shaker for 24 h. The samples were
placed in boiling water for 5 min to terminate the reac-
tions. Samples were centrifuged at 15,984 g for 5 min and
measured the yield by HPLC.

Analytical methods

Glutamine, L-theanine, glutamate and ethylamine were
measured by HPLC with the method of precolumn deri-
vatization o-phthaldialdehyde (OPA) [3, 4]. The chro-
matographic conditions were as follows: C18 column
(250%x4.6 mm, 5 pum), 40 °C, 1.0 mL/min, and the wave-
length was 338 nm.

Results and discussion

Screening and characterization of PPK enzymes

PPK enzymes can be divided into two major groups:
PPK1 and PPK2. PPK1 can convert ATP into polyP, and
PPK2 can convert ADP or AMP to ATP using polyP as
a donor (Fig. 1) [16]. In order to explore the properties
of PPK enzymes from different sources, we designed an
evolutionary tree of PPK enzymes from NCBI (Addi-
tional file 1: Fig. S1). PPKs from Escherichia coli (BIPPK),
Corynebacterium glutamicum (CgPPK), Pseudomonas
aeruginosa (PaPPK2l, PaPPK2II, PaPPK2III), Erysipel-
otrichaceae bacterium (EbPPK), Cytophaga hutchinsonii
(ChPPK) were selected and all genes were introduced
into the plasmid pET-28a. The plasmids have been suc-
cessfully expressed in E. coli BL21(DE3). SDS-PAGE
analysis indicated that the five PPKs were expressed suc-
cessfully (Additional file 1: Fig. S2). The expression of
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polyP synthesis

PPK1
[phosphate|m) + ATP _} [phosphate]@+1)+ ADP

phosphorylation of nucleoside

PPK2I
[phosphate|m) + ADP —} [phosphate]@n-1) + ATP

PPK2I11
[phosphate]m) + AMP_} |phosphate|@n-1)+ ADP

PPK2III

[phosphate|(n) + ADP/AMP e [phosphate](n-1) + ATP

Fig. 1 Catalytic direction of PPK enzymes

EbPPK and ChPPK on the pET-28a plasmid may be due
to the fast translation of the proteins, the proteins were
clustered together (Additional file 1: Fig. S2). EbPPK and
ChPPK were failed to purify (data not shown). Therefore,
EBPPK and ChPPK were chose to express on the pXMJ-
19 plasmids. The results showed that the two proteins
were expressed clearly and purified successfully (Addi-
tional file 1: Fig. S2).

As the catalytic performance of the enzyme depends on
the substrates and concentration [33, 34], the length and
concentration of polyP were performed to analyze the
catalytic function of PPKs in this work. After the seven
PPK enzymes were purified by Ni*"-NTA column, the
purified enzymes were added to the system in "Enzyme
activity and kinetic parameters" section. First, 50 mM
polyP,, polyP, and polyP, were carried out to show the
specific activities of the seven PPK enzymes. In general,

Page 5 of 13

the polyPg, rather than polyP; and polyP,, was responsi-
ble for the better catalytic capacity of PPK enzymes and
the ChPPK was termed as the best biocatalyst for polyP,
to ATP regeneration with 30.26 U/mg (Fig. 2a).

Almost all PPK hardly indicated enzyme activity with
polyP; except CgPPK and EbPPK. The short phosphate-
chain (polyP,;) may block the entrance of ADP binding
pocket for the lower enzyme activities. Due to the sensi-
tivity of PPK to phosphate-chain length [34], the effects
of polyP; at different concentrations on the enzyme activ-
ity were proposed. The ability of ATP formation was
gradually inhibited with the increase of polyP, concentra-
tion (Fig. 2b). PaPPK2II, PaPPK2III and B/PPK explored
no catalytic activity at polyP, concentration of 100 mM,
150 mM and 200 mM. ChPPK showed the best enzyme
activity at 50 mM, 100 mM and 150 mM polyP,. When
the concentration of substrate polyP, was 200 mM, the
specific activity of ChPPK was dropped by 66.5%, and the
specific activity was 10.23 U/mg. In view of the explo-
ration to the catalytic properties of the seven enzymes,
ChPPK was selected for subsequent experiments, and
molecular modification targeting ChPPK is necessary to
improve the tolerance of ChPPK to polyP, and enhance
the ATP supply capacity.

In addition, some PPK enzymes can catalyze from
AMP to ATP so we decided to explore the effect of
AMP on the activity of PPK enzymes (Fig. 2c). EbPPK
was capable of the best catalytic efficiency for convert-
ing AMP, followed by ChPPK and PaPPK2IIIL. The unique
catalytic activity on AMP is due to the fact that these
enzymes belong to PPK2 class III [18]. This also provides
the basis for the subsequent transfer and regeneration of
two phosphate groups between ATP and AMP.

Construction of the high-throughput screening method

In order to further improve the enzyme activity of CAPPK
and its tolerance to the substrate phosphate polyP, we
screened CHPPK mutants that could efficiently use polyP

@ ® ©
Ei — st e —8—PaPPK2 1 CePPK
E I)a[,PKi]]]]] E PaPPK2 1T
e T i -
Z\‘ ] A b ChPPK
E BIPPK E P HPPK T
3 1 CgPPK g 304 s
- 2 EbPPK
< | I £.20 .
: I 5 PaPPK2II M
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2" [ [ 1] F PaPPK2 1 —
: 0 Kl A | ;
PaPPK2 ]| —_—
z 0 s T s I ©n 0 i . : : a ) I
polyP; polyP, polyP, 50 100 150 200 0 T o 0
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30
Specific enzyme activity (U/mg)

Fig. 2 Catalytic properties of the PPK enzymes. a Effect of phosphate-chain length on enzyme activity. b Effect of polyP, concentration on enzyme

activity. ¢ Catalytic activity of PPK enzyme on the substrate AMP
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in the ATP regeneration system to enhance the sup-
ply of ATP in the biocatalytic process. In this research,
a high-throughput screening method was used to screen
ChPPK mutants with excellent catalytic performance. We
constructed the plasmid pXM]J-19-tac-ChPPK and error-
prone PCR was chosen to access mutation fragments of
the gene for ChPPK. Finally, we constructed a mutant
library containing 1008 strains (BL21/pXM]J-19-tac-ChP-
PKmuts-rrnB P1-GFP).

First, the extracellular high-throughput screening
method is based on the TMB-H,0,-ATP chromogenic
method (Fig. 3). TMB has a benzidine structure, which
contains two amino compounds that are prone to oxida-
tion. ATP has the property of peroxidase and can cata-
lyze the oxidation of TMB by H,0O, under weakly acidic
conditions; the oxidized TMB solution is blue and has
an absorbance value at 652 nm. Based on this property,
we constructed an ATP-TMB-H,0, extracellular high-
throughput screening method to screen the ChPPK
mutants with improved enzyme activity.

Considering that ATP is produced in the cell, there
may still be some ATP in the cell due to intracellular and
extracellular mass transfer, we also constructed an intra-
cellular high-throughput screening method to verify
the bidirectional screening of extracellular and intracel-
lular ATP. It has been shown that expression of rrnB P1
(the ribosomal RNA promoter) is related to intracellular
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ATP content in E. coli and that RNA polymerase holo-
enzyme and rruB P1 form a very short active complex
that requires ATP to initiate transcription of rRNA. We
constructed the plasmid pXMJ-19-tac-ChPPKmuts-rruB
P1-GEP to verify whether the fluorescence intensity of
GEFP protein under the rrnB P1 promoter was responsive
to the concentration of ATP (Fig. 3). The intracellular
ATP concentration was reflected by measuring the GFP
fluorescence intensity of the mutants.

High-throughput screening of ChPPK mutants
by extracellular-intracellular dual system
First, the extracellular high-throughput screening
method is based on the TMB-H,0,-ATP chromogenic
method. To make ATP concentration more sensitive
to the response of the color reaction, the extracellular
screening system of TMB and H,O, were optimized.
After optimization, 5 mM TMB and 100 mM H,0, were
selected for subsequent experiments (Additional file 1:
Fig. S3). By detecting the absorbance values of the 1008
strains at 652 nm, the absorbance value of wild-type
ChPPK at 652 nm was 0.512, and 188 mutants were
finally screened, which had absorbance values higher
than 0.512, and these mutants may have better catalytic
activity compared to the wild-type (Fig. 4a).

An ATP-GFP sensor in cells was used to fur-
ther analyze the higher enzyme activity among 188

laclq .RBS tac rrnB P1
\:\: p— p—
—ChPPKmuts —2— GFP

pXMJ-19-tac-ChPPKmuts-rrnB P1-GFP

.

. 0@
s
O GIO]
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Color reacnon
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. — J
( cm cu; Extracellular \ [ Intracellular )
e H:0:+ ATP ™8| | ‘@ ATP
NH \ ) \‘< ~NH: + U2+ — (X ‘ ............[ VN '
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Fig. 3 Flowchart of high-throughput screening
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positive-mutants. Firstly, BL21/pXMJ-19-rrnB P1-GFP
(EB10) was constructed to verify the effect of different
ATP concentrations (0—10 mM) on fluorescence values.
With the increase of ATP concentration, the fluores-
cence value/ODy, value gradually increased (Additional
file 1: Fig. S3). We selected 188 positive-mutant strains
from the extracellular screening library, and randomly
screened 12 negative-mutant strains in the extracellu-
lar high-throughput results to detect their fluorescence
intensity and the wild type was used as a control. Com-
pared to the wild strain, the 30 mutant strains with a
range of 10.4% to 55.9% improvement showed higher
fluorescence values and 12 negative-mutant strains pre-
sented predictably lower fluorescence values (Fig. 4b).

The 30 mutants were induced to express the protein
ChPPK. The results suggested that the enzyme activ-
ity of most mutants was similar or slightly higher than
that of wild type (data not shown). In particular, the
enzyme activity of the eight mutants increased signifi-
cantly (Fig. 5a). DNA sequencing of the mutant plas-
mids revealed that most plasmids contained mutations
in residues D82 and K103 (changes: D82H, D82T, D82G,
K103V, K103D, K103G) (Fig. 5a). Therefore, we suspected
that D82 and K103 may be the key residue sites that affect
the activity of ChPPK enzyme. The sites of D82 and K103
were applied for the further experiments to construct the
saturated mutation libraries.

Directional saturation mutation and catalytic properties

of mutants

After measuring the enzyme activity of the saturated
mutant library, the mutant D1 (D82N) obtained the
highest enzyme activity with the 93.3% improvement

in the saturated mutation library of D82, while D2
(D82H) and D3 (D82T) also improved the 21.5% and
27.0% of enzyme activity compared the wild mutant
(Fig. 5b). And the mutant K1 (K103E) showed the
282.2% of enzyme activity compared to the wild
mutant with K2 (K103V), K3 (K103G) and K4 (K103D)
displaying 166.0%, 140.0% and 133.0%, respectively
(Fig. 5¢). Then we constructed the double-mutant DK
(D82N/K103E) and the enzyme activity of this mutant
increased to 430.2% with the best catalytic ability
(Fig. 5¢).

As previously mentioned, the wild type of ChPPK
almost had no enzyme activity for polyP;. Thus, we
analyzed the catalytic properties of the mutant DK.
In particular, the relative enzyme activities of the
substrates polyP,, polyP¢ and polyP, for ChPPKpg,\.
xiose improved by 6.6, 4.3 and 2.5 times, respectively
(Fig. 5d). At the same time, the mutant also showed
increased tolerance to polyP.. At the concentration of
50 mM polyPg, the enzyme activity of ChHPPKpgyn k103E
increased by about 4.3 times, while at the concentration
of 100 mM, 150 mM and 200 mM, the relative enzyme
activity increased by 3.7, 2.9 and 2.5 times (Fig. 5e).
Notably, the double-mutant DK showed the best posi-
tive effect on the enzyme activity for the different sub-
strates and tolerance.

In addition, we also determined the kinetic param-
eters of the pure enzyme for substrates ADP and polyP,
in wild-type and mutant strains (Table 1). The K_,,/K,
values of K103E and D82N to the substrate ADP were
3.4 and 2.2 times higher than those of wild type. This
indicated that K103E and D82N increased the affinity
of ADP. However, for the substrate polyP, the K_,,/K,



Gao et al. Biotechnology for Biofuels and Bioproducts (2023) 16:122

(2)

(b)

GKDGT VKHIM TGLHP QRVKV TSFVV PSKIE LSHDY
GKDGT VKHHM TKLNP QGVKV TSFDV PSKIK LSHDY
GKHGT VKHIM TGLNP QGVKV TSFKV PSKIE LSHAY
GKTGT VKHIM TGLNP QGVKV TSFKV PSKIE LSHDY
GKDGT VKHIM TGLNP QGVKV TSFGV PSKIE LSHDA
GKDGT VKHIM TGLNP QGVKA TSFGV PSKIE LVHDY
GEHGT VKHIK TGLNP QGVKV LSFKV PSKIE LSHDY
GKGGT VKHIM TGLNP QGVKV TSFGV PSKIE LYHDY

GKDGT VKHIM TGLNP QGVKV TSFKV PSKIE LSHDY
82 103

200+

-5 150 4

—

[—3

=]
1

Relative enzyme activity (%
wn
=]

)

—
[ - (=) ® [ [ -
=] < < =] (=] = (=]
1 1 1 L 1 L 1

Specific enzyme activity (U/mg)

polyP, polyP, polyP,

WT

Specific enzyme activity (U/mg)

Page 8 of 13

@

40 80 120
Relative enzyme activity (%)

160

160

R
RRRREIRRENS

SOOI ES I DS

—

[

=]
L

®
=]
L

&
(=]
1

>

—a— Wild

50 100 150 200
Concentration (mM)

Fig. 5 Enzyme activity assay of mutants and characterization of the ChPPKygn 1036 @ Relative enzyme activity of the positive mutants. b Relative
enzymatic activity of the 82-residue saturated mutants. ¢ Relative enzymatic activity of the 103-residue saturated mutants and the DK mutant. d
Effect of phosphate-chain length on enzyme activity of the mutant strain DK. e Effect of polyP, concentration on enzyme activity of the mutant

strain DK

value of K103E did not increase much while of D82N
increased by 1.5-fold, confirming that the interaction
between N82 and polyP, was enhanced.

The mechanism of active sites for mutants and analysis

by molecular docking and MD simulation

ChPPK interacts with the substrates polyP, and ADP
in the active sites. Residues around the active-channel
have an important effect on enzyme activity [35]. The
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Table 1 The K, and K_,, values of the mutants to substrate ADP

cat

and polyPy

Substrates  Strains K, (mM) K (S7") K/K (STTMTY)
ADP WT 1394007 1004+013 722103

ADP KI03E 0814012 19694012  243x10°

ADP D8N 0954003 15054004 158x103

polyP, wT 234002 35164019  153%x10°

polyP, KI03E 2244002 37174002 170 x 103
polyP, D8N 2124001 49244013 232x103

protein structure of ChZPPK (PDB: 6AN9) and the mol-
ecules of polyP, and ADP were docked by Schrodinger.
The ChPPK protein is composed of a structure like a
"sandwich" (Fig. 6a). The left and right sides of the pro-
tein are both a-helix chains, and the middle is wrapped
with a B-sheet (B1, B2, B3, P4, p5) (Fig. 6b). Above the
"sandwich", there is a helix structure like a lid. The mid-
dle of the "sandwich" body and the lid form a cavity
which is the site of phosphate group transfer between
the substrate polyP, and ADP (Fig. 6a). PolyP, associ-
ates with D77, K81, D82 and R208 (3.6 A, 3.3 A, 2.4 A
and 4.7 A), while ADP forms interaction of ions with
residues K81, D82, K103 and R133 (2.9 A, 2.8 A, 2.9 A
and 3.0 A) (Fig. 6c). D82 and K103 residues are located
at the entrance of polyP,-channel and ADP-channel,
respectively, and form ion interactions with the phos-
phate groups of the substrates. The distance between
the two residues at the entrance of the polyP.-channel
was calculated. The distance between R208 and D82
residue was 7.7 A, and between R208 and D82N residue
was 8.5 A (Fig. 6d). Then, at the entrance of ADP-chan-
nel, the distance between K103E and D82 changes from
6.6 A to 9.9 A (Fig. 6d). The enhancement of enzyme
activity by mutation is associated with the expansion
of the active channel (Fig. 6e). D82N and K103E widen
the entrances of polyP, and ADP channels, respectively,
and more substrates can enter the active center. This is
the first time that the enzyme activity of polyphosphate
kinase has been improved by mutation to enlarge the
substrate-channel cavity.

Residues near the active center of PPK2s form con-
nection with Mg?" and substrates and then nucleo-
philic attack between substrates promotes the transfer
of phosphate groups to form ATP [36]. There are two
main ways of ionic interaction between residues and
substrates, amino groups interacting with oxygen
atoms or carboxyl groups interacting between magne-
sium ions and oxygen atoms (Fig. 6h). With the effect
of Mg?*, the carboxyl group of the residue N82 is con-
nected to the oxygen of the phosphate group from the
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polyP, (2.4 A, 424,45 A) (Fig. 6f). The amino group
of the residue K103E is directly related to the oxygen
atom of ADP at the distance of 3.1 A (Fig. 6g).

Then, we analyzed the flexibility of this mutant pro-
tein by RMSD and RMSF. The results of RMSD showed
that the system fluctuation of WT, D82N and K103E
mutants was stable and the molecular trajectories are
in equilibrium (Fig. 6i). The RMSF of D82N and K103E
were increased with the improvement of the flexibility
of molecular structures (Fig. 6j). The fluctuation of the
residues D82N and K103E indicated the flexibility of
the pocket increased, which improved the interaction
between the substrates and the pocket binding proteins.

Determination for the ability of the mutant enzyme

to regenerate ATP

More biocatalytic reactions require ATP to provide
energy and it is increasingly necessary to construct a bio-
logical reaction platform for ATP regeneration. Based on
the ATP regeneration platform of the ChPPKpgon kiose
enzyme, we verified the ability of this mutant enzyme
to produce ATP compared to the other PPK enzymes
described above. The results demonstrated that the puri-
fied mutant enzyme could convert 46.8 mM (20 g/L)
ADP into 44+0.4 mM (18.8+0.19 g/L) ATP and the time-
space yield of ATP was 4.7+0.05 g/L/h and exhibited the
best ability of ATP production compared to the other six
enzymes (Additional file 1: Table S3).

Construction of the sustainable ATP-regeneration platform
To verify the improved effect of ChPPKygon 103 for ATP
regeneration and reduce the cost in enzymatic catalysis,
we focused on the GMAS enzyme to produce L-thean-
ine as the model of ATP regeneration platforms (Fig. 7a).
GMAS can accept glutamate, ethylamine and ATP as the
substrates. We constructed the strain EB14 (BL21/pET-
28a-GMAS). GMAS and ChPPKpg,n. k103 Were purified
by inducing the expression of strain EB14 and strain DK,
respectively. GMAS and ChPPKpgon x103g Were added to
the reaction system described in "Construction of ATP-
regeneration platform" section. As shown in Additional
file 1: Table S4, provided sufficient ATP (150 mM), the
GMAS could convert 100 mM glutamate to 96.4+7.5
mM (16.8+1.3 g/L) L-theanine in 4 h. While only 5 mM
ATP and 5 U/mL ChPPKpgon k103 Were added, L-thea-
nine was produced 95.6+4.5 mM (16.6+0.79 g/L) at 4 h
under the combined action of GMAS and ChPPKygy.
k103e- Compared to the wild enzyme ChPPK, the yield
of the L-theanine improved 53.7%. ChPPKpgon 1103 Was
responsible for the similar yield of L-theanine to that pro-
duced by adding sufficient ATP in the substrates. Subse-
quently, the reactions were scaled to 200 mM glutamate
in 200-mL reaction system, respectively. CAPPK g0\ k103E
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still revealed the similar ATP supply capacity. The yield
of L-theanine was reached to 32.3+1.6 g/L with 92.8+4.6
% substrates converted within 6 h. Finally, we expanded
the substrate concentration to 400 mM to produce
L-theanine, and the results are shown in Fig. 7b. In the
single-enzyme catalytic system, 63.9+1.5 g/L L-theanine
was produced within 6 h after the addition of 450 mM
ATP, while in the catalytic system of GMAS and ChP-
PKpgon-kioses the addition of 5 mM ATP was used to
produce L-theanine. Under the ATP regeneration sys-
tem of ChPPKpgyn kigses the yield of L-theanine reached
62.7+1.1 g/L with a conversion rate of 90.1%. In sum-
mary, the mutant enzyme was shown to replace the addi-
tion of the substrate ATP efficiently and similarly, greatly
saving the reaction cost. The final yield of L-theanine
could reach 62.7+1.1 g/L, with a high conversion rate of
90.1£1.6 %. As we know, the high toxicity of ethylamine
requires that the residual amount of this substrate should
be reduced as much as possible in the reaction. We tested
the residual amount of ethylamine in the final reaction
solution and found that the yields of ethylamine were still
low as expected (0.29 g/L to 3.5 g/L) (Additional file 1:
Table S4). This proved that giving the reaction an effi-
cient ATP supply driven by the mutant enzyme enhanced
the conversion rate of substrate to product, reduced the
accumulation of toxic substrate and maximized the sub-
strate value.

GGT was considered as the other pathway to cata-
lyze the production of L-theanine (Fig. 7a). Although
this enzyme does not require the expensive ATP (8007
$/kg), it needs the glutamine (560 $/kg) as a substrate.
Yang et al. [4] could convert 175 g/L glutamine to 70
g/L L-theanine with a 67 % conversion rate by GGT

enzymatic catalysis. This indicated that adding an excess
of glutamine could also produce a high yield of L-thean-
ine. Actually, glutamine was not cheap and we had sought
an enzyme catalytic method for glutamine to make the
enzymatic production more economical. Further, the pH
of GS is about 8.0 and GGT is generally 10.0, the cataly-
sis of GS and GGT seems not desirable. We performed
glutamine production from glutamate with GS enzyme,
and this process also requires ATP, so we preliminarily
explored the production of glutamine under ATP effi-
cient regeneration. Adding 150 mM ATP, 95.1+2.3 mM
glutamine was generated in 4 h. Then the GS (6 U/mL)
and ChPPKpgon.xi0se (5 U/mL) reaction was carried out
to obtain 94.4+1.44 mM glutamine in 4 h (Additional
file 1: Table S4). They displayed the similar production of
L-glutamine. After enhanced ATP cycle regeneration by
mutant, the conversion rate of substrate (glutamate) was
94.4+1.4%, increased by 44.8 % compared with the wild
ChPPK enzyme. Therefore, on the pathway of L-theanine
synthesis from glutamine, considering the cost and solv-
ing the problem of the expensive substrate ATP or glu-
tamine, we prefer to synthesize L-theanine starting from
glutamate (38.1 $/kg). In the one-step synthesis of L-thea-
nine catalyzed by GMAS enzyme, we enhanced the recy-
cling and regeneration of ATP by mutation, improved the
conversion capacity of glutamate substrate, and finally
obtained 62.7+1.1 g/L L-theanine in 200 mL system. At
the same time, we also tried to synthesize glutamine from
glutamate to reduce the cost of L-theanine production
catalyzed by GGT enzyme. Finally, we obtained 13.8+0.2
g/L glutamine with the conservation rate of 94.4+1.4 %.
Due to the difference in the optimal pH between GS and
GGT, we will further target the enzymatic modification
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of GGT to drop the pH of this enzyme and better cascade
the production of L-theanine.

Conclusions

In this research, we displayed a high-throughput dual sys-
tem screening with intracellular and extracellular. With
the improvement of substrate spectrum and tolerance,
the catalytic activity of ChHPPKpg N k103 Was increased
to 430.2% and was considered as the highest catalytic
efficiency among the major polyphosphate kinases. In
the cascade catalysis or in vitro biosynthesis system, in
addition to preferentially selecting ATP with low energy
consumption or avoiding the use of ATP, an ATP regen-
eration system with low cost, high activity and high yield
is also one of the strategies of synthetic biology. This effi-
cient ATP regeneration system can not only produce glu-
tamine from glutamate to further produce L-theanine,
but also directly produce L-theanine from glutamate in
one step. Adding GMAS and ChPPKygon k1035 L-thea-
nine was produced by 62.7 +1.1 g/L with high conversa-
tion rate and low cost. To the best of our knowledge, this
is a positively combination of high yield, high conversion
rate and high economic value of enzyme catalysis. After
achieving the best efficient PPK-mutant enzyme, the
addition of ChPPKpgyiiose can significantly improve
the efficiency and sustainability of ATP regeneration,
which will enhance the catalytic efficiency and save the
cost in energy-demanding catalytic reactions.

In addition, we have constructed a co-expression sys-
tem for GMAS-ChPPKpgon ki03e i E. coli and are cur-
rently optimizing this system for whole-cell catalytic
L-theanine production as the simple form of catalysis.
The sustainability of efficient ATP-regeneration demon-
strated by ChPPKpgon.i103e Will be further used in bio-
catalytic reactions to produce high-value food chemicals
such as glutathione, SAM and so on. It will further be a
biological reaction platform to strengthen the sustainable
supply of ATP-regeneration in enzyme expression inten-
sity, enzyme immobilization and other strategies.
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