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To improve the crop yield and quality, the cytosolic fructose-1,6-bisphosphatase (cFBPase) from mung bean
(Vigna radiata), a rate-limiting enzyme in gluconeogenesis, was cloned, purified, and structurally characterised.
To function it required Mg?* and Mn?" at 0.01-10 mM. The Michaelis-Menton constant and adenosine mono-
phosphate (AMP) inhibitory constant (K;) were 7.96 and 111.09 pM, respectively. The functional site residues of
AMP binding (Arg3°, Asp32, and Phe33) and the active site residues (Asn218 and Met251) were tested via site-
directed mutagenesis and molecular docking. Asn?'® and Met?>! were replaced by Tyr and Leu, respectively.

The M251L mutant showed enhanced substrate affinity and activity, resulting from decreased binding energy
(-2.58 kca1~m01’1) and molecular distance (4.2 JQX). AMP binding site mutations changed the enzyme activities,
indicating a connection between the binding and active sites. Furthermore, K; and docking analysis revealed that
Asp®? plays a key role in maintaining the AMP binding conformation.

1. Introduction

Fructose-1,6-bisphosphatase (FBPase) is a rate-limiting enzyme in
gluconeogenesis, catalysing the irreversible conversion of the substrate
fructose-1,6-bisphosphate (F16BP) into fructose-6-phosphate. It is also
involved in many other metabolic pathways, such as the Calvin cycle
and starch biosynthesis (Kuznetsova et al., 2010). Based on their amino
acid sequences, FBPases are generally divided into five classes (type
I-V). Type 1, II, and III are typically found in bacteria, and type IV is
more common to archaea. Type V exists in thermophiles from both
domains. Moreover, eukaryotes are known to only contain the type I
FBPases (Kuznetsova et al., 2010). Commonly, divalent metal ions, such
as MgZ* or Mn?*, are required for FBPases’ activities. In addition, their
activities are regulated by adenosine monophosphate (AMP), phospho-
enolpyruvate, and fructose 2,6-bisphosphate (Gao, Shen, & Honzatko,
2014).

In plants, at least two distinct FBPase isozymes exist (Ogawa et al.,
2015). One is located in the chloroplasts stroma (chloroplastic FBPase,
cpFBPase), which acts as a key regulator of the Calvin cycle by taking
part in the production of ribulose-1,5-bisphosphate, an acceptor of COy
fixation. (Ozaki et al., 2009). Numerous studies have been performed to
understand the regulatory role of cpFBPases in the photosynthetic rate,

and plant growth and development because of their important functions
in starch biosynthesis and photosynthesis (Rojas-Gonzalez et al., 2015).
Moreover, the crystal structure of spinach cpFBPase showed that the
active site residues are conserved compared with those in pig kidney
FBPase. However, the AMP binding site residues are not conserved and
are located between three helixes (H1, H2, and H3) and a p-sheet (Vil-
leret, Huang, Zhang, Xue, & Lipscomb, 1995).

The other plant FBPase is related to the gluconeogenesis and sucrose
metabolism, being present in the cytoplasm (cytosolic FBPase, cFBPase)
(Giitle et al., 2016). cFBPase controls the rate of triose phosphates
withdrawal from the chloroplast. Whole genome sequencing of various
plants provided information on the gene sequences of cFBPase. In Ara-
bidopsis, cFBPase shares 50% sequence identity with cpFBPase, implying
that the two isozymes may have evolved from the same origin (Kuz-
netsova et al.,, 2010). Recent studies investigated the physiological
functions of cFBPases in plants. For instance, the overexpression of
cytosolic FBP in tobacco improved the leaf number, fresh weight,
photosynthetic activity, and conversion efficiency of hexose to sucrose
(Tamoi et al., 2011). Moreover, the structural properties of cFBPases are
different to those of cpFBPase. For instance, a unique domain related to
light regulation is inserted in cpFBPase, while cFBPase is not regulated
by light (Daie, 1993). However, to date, much less is known about
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cFBPase (neither its transcriptional regulation nor its protein structure)
compared with the extensively studied cpFBPase.

Our previous studies showed that during the germination of mung
bean, positive energy regulation [exogenous adenosine triphosphate
(ATP) treatment] significantly increased the energy status and eventu-
ally improved the yield and quality of mung bean sprouts. ATP treat-
ment significantly increased the transcriptional expression of fructose-
1,6-bisphosphatase gene in Vigna radiate (VrFBP) by around 50-fold,
indicating its important role in energy metabolism (Chen, Tan, Zhao,
Yang, & Yang, 2019; Chen et al., 2019). As a key regulatory factor in
energy metabolism and quality control, FBP could be a modification
target in the mung bean genome for precision crop breeding. Therefore,
the goals of this research were to understand the cFBPase’s enzymatic
and structural characteristics to improve the enzyme activity and sub-
strate affinity. In addition, this work could provide valuable reference
information for FBP editing in other crops to enhance their yield and
quality. In the present study, the cytosolic FBP of mung bean was cloned
and expressed. The cFBPase protein was further purified and charac-
terised. In addition, the functions of certain active site residues were
tested using site-directed mutation and molecular docking.

2. Materials and methods
2.1. TA cloning of the coding sequence of cFBPase from mung bean

The total RNA of mung bean was extracted according to our previ-
ously published method (Chen et al., 2019). The quality and concen-
tration of the RNA were tested using a spectrophotometer (BioDrop,
Biochrom, Cambridge, UK). Agarose gel [1% (w/v)] electrophoresis was
applied to assess the RNA integrity. Thereafter, a First Strand cDNA
Synthesis Kit (Promega Corporation, Madison, WI, USA) was used to
synthesise cDNA from 2 pg of prepared RNA. The coding sequence (CDS)
of target cytosolic VrFBP was amplified from the cDNA using high-
fidelity (HF) Pfu DNA polymerase (Promega Corporation, Madison,
WI, USA) and specific primers (WT-F and WT-R, Table S1) designed
based on the whole genome sequence of mung bean (Kang et al., 2014).
The PCR product was verified by electrophoresis and further purified
using a DNA cleanup kit (New England Biolabs, Beverly, MA, USA). The
obtained DNA fragment was inserted into the pGEM®-T Easy Vector
(Promega Corporation, Madison, WI, USA) and transformed into the
Escherichia coli DH5a competent cells (Thermo Fisher Scientific, San
Jose, CA, USA) according to the manufacturer’s instructions. After blue-
white selection on agar plates, the positive clones were cultured and the
recombinant plasmid (pG-VrFBP) were extracted using a GeneJET
Plasmid Miniprep Kit (Thermo Fisher Scientific, San Jose, CA, USA), and
sequenced by Bio Basic Asia Pacific Pte Ltd. (Singapore).

2.2. Bioinformatic analysis of cFBPase from mung bean

The sequence of VrFBP was submitted to the NCBI GenBank database
and the gene sequence was analysed using the Basic Local Alignment
Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Based
on the alignment results, a phylogenetic tree was generated using MEGA
7 (Pennsylvania State University, PA, USA). In addition, several typical
FBPase amino acid sequences, from Vigna radiata, Glycine max, Ricinus
communis, Solanum tuberosum, Arabidopsis thaliana, Oryza sativa, Spina-
cia oleracea, Escherichia coli, and Homo sapiens, were selected to perform
multiple alignments using ClustalX (Conway Institute, Dublin, Ireland).
The tertiary structure of mung bean cFBPase was predicted using the
online [-TASSER service (http://zhanglab.ccmb.med.umich.edu/
I-TASSER/) and verified using a Ramachandran plot and Verify-3D
(https://servicesn.mbi.ucla.edu/SAVES/) (Cheng et al, 2012).
Furthermore, the properties of the deduced polypeptide (isoelectric
point, molecular weight, stability index, and signal peptide) were
calculated using ExPasy proteomics Server (http://web.expasy.org/).
Lastly, the subcellular localisation was predicted using PSORT
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Prediction (http://psortl.hgc.jp/form.html).
2.3. Recombinant expression and purification of cFBPase

The putative VrFBP was further amplified by PCR using HF Pfu po-
lymerase (Promega Corporation, Madison, WI, USA), with the extracted
plasmid pG-VrFBP as the template, and specific primers with restriction
endonuclease sites (WT-F-Ndel, WT-R-BamHI, Table S1). The PCR
product was analysed by electrophoresis, and the appropriate band was
extracted from gel (GeneJET Gel Extraction Kit, Thermo Fisher Scien-
tific, San Jose, CA, USA) and purified using a DNA cleanup kit (New
England Biolabs, Beverly, MA, USA). The obtained DNA fragment and
Pet 32a(+) vector (Novagen, Madison, WI, USA) were double digested
by Ndel and BamHI (New England Biolabs, Beverly, MA, USA). The
digestion products were ligated using T4 DNA ligase (Promega Corpo-
ration, Madison, WI, USA) and transformed into DH5a competent cells.
Twenty clones were randomly picked and the inserted gene was
amplified using colony PCR. The PCR products were further checked by
electrophoresis. Five clones with the appropriate band were selected and
the recombinant plasmids were extracted and sequenced, respectively.
The clone with correct recombinant plasmid was screened and the
plasmid (Pet32-FBP) from the selected clone was transformed into the
expression strain E. coli BL21 (DE3).

The recombinant DE3 were cultured in Luria-Bertani broth with 50
pg/mL ampicillin at 37 °C until the culture reached the exponential
growth stage (OD600 = 0.5). After that, the culture was cooled to 25 °C
and the expression of cFBPase was induced by the addition of 0.1 mM
isopropyl-$-p-thiogalactopyranoside (IPTG, Thermo Fisher Scientific,
San Jose, CA, USA) for 9 h. The cells were harvested by centrifugation
(8,000 x g, 10 min, 4 °C) and the pellet was resuspended in buffer [50
mM Tris-HCI (pH 7.5), 3 mM ascorbic acid, 1 mM dithiothreitol, 10% (v/
v) glycerol, and 0.5% Triton X-100]. The crude enzyme was extracted by
sonication in an ice bath after the addition of 1 mM protease inhibitor
phenylmethanesulphonyl fluoride. The obtained soluble fraction was
loaded onto a DEAE-Sepharose Fast Flow (Amersham Biosciences,
Uppsala, Sweden) column and then a Sephacryl S-200 high-resolution
(Amersham Biosciences, Uppsala, Sweden) gel-filtration column. The
separated protein fractions were pooled and concentrated (Meng, Shen,
Yang, Zhang, & Sheng, 2014). The purified protein solution was quan-
tified by the Bradford method (Bio-Rad, Hercules, CA, USA).

During the expression and purification processes, sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was applied to
identify the proteins. The protein electrophoresis chamber system,
4-20% precast polyacrylamide gels, protein standard marker (10 to 250
kDa), SDS-PAGE running buffer, loading buffer, gel staining solution
(Coomassie Brilliant Blue R-250), and destaining solution were pur-
chased from Bio-Rad (Hercules, CA, USA). Around 10 pg of protein was
loaded into each well of the gradient gel. Electrophoresis was performed
at 80 V for approximately 120 min, followed by gel staining (1 h), and
destaining (overnight) processes. The gel images were captured using
gel imaging system G: BOX EF2 (Syngene, Synoptics Ltd., Cambridge,
UK).

2.4. Enzyme assay and kinetic analysis

The activity of mung bean cFBPase was determined by measuring the
increase in absorbance of the produced reduced nicotinamide adenine
dinucleotide phosphate (NADPH) at 340 nm in a 1 mL mixture [50 mM
Tris-HCl (pH 7.5), 10 mM MgCly, 0.5 mM NADP™, 50 pM F16BP, 1 unit
of glucose-6-phosphate dehydrogenase (Sigma-Aldrich, St. Louis, MO,
USA), and 1 unit of phosphoglucose isomerase (Sigma-Aldrich, St. Louis,
MO, USA)] using a UV-1800 spectrophotometer (Shimadzu Inc., Kyoto,
Japan). The reaction was started by adding 1.5 pg of cFBPase into the
mixture and the absorbance was monitored for 5 min at room temper-
ature (Yuan et al., 2017). To test the metal requirement of cFBPase ac-
tivity, 10 mM MgCl; in the 1 mL reaction mixture mentioned above was
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replaced by Tris-HCl (control, 50 mM), CaCl,, CoCly, CuCly, MgCl,,
MnCly, and ZnCly, respectively. The final concentrations of each diva-
lent metal cation were set at 0.01, 0.1, 1, and 10 mM.

The Michaelis-Menton constant (Kp,) values of the required divalent
metal ions (Mn?* and Mg?*") for cFBPase activity were determined by
measuring the enzyme activities with different concentrations of metal
ions. Furthermore, the heat stability of cFBPase was tested by incubating
the enzyme at different temperatures (5-75 °C) for 10 min, followed by
immediate cooling in an ice bath. The treated enzyme was added to the
reaction mixture and the activities were measured at room temperature.
Moreover, the K;, value of the substrate F16BP and the inhibitory con-
stant (K;) of the inhibitor AMP were determined by the addition of
different final concentrations of F16BP (0, 1.875, 3.75, 7.5, 10, 15, 20,
and 30 M) or AMP (0, 23.44, 46.88, 93.75, 187.5, 375, 750, 1500, and
3000 pM) into the 1 mL reaction mixture, respectively. The kinetic pa-
rameters (Vimax, Ko.5(r168p, AMP), and ny) were calculated by curve fitting
of the following equation: V = [Vppax ¥ (©™1/[KBY + (c)"M], where Viax
is the maximum rate, c is the substrate concentration, K is the Michaelis-
Menton constant or inhibitory constant, and ny is Hill coefficient (Yuan
et al., 2017). In addition, the kinetic characterisation of FBPase in the
presence of different concentrations of AMP (3.125, 6.25, 12.5, 25, and
50 uM) was tested.

2.5. Site-directed mutagenesis of cFBPase

Site-directed mutagenesis was performed according to the method
described by Meng, Shen, Yang, Zhang, & Sheng (2014). The mutated
plasmids for the cFBPase mutants, including R30T, D32E, F33L, N218Y,
and M251L, were obtained by PCR. The PCR mixture (50 pL) contained 1
U HF Pfu DNA polymerase, 200 pM dNTP mix, reaction buffer (Promega
Corporation, Madison, WI, USA), 20 ng template DNA (plasmid Pet32-
FBP), and mutated primer pairs (Table S1). The PCR products were
transformed into E. coli DMT competent cells (Transgen Biotech, Beijing,
China) and the positive clones were cultured. The mutated plasmids
were extracted and verified by sequencing. The successfully mutated
plasmids were further transformed into E. coli BL21 (DE3) for protein
expression. In addition, the constructed R30T mutated plasmid was used
as a template to amplify the mutated plasmids R30T/D32E and R30T/
F33L. The D32E mutated plasmid was used to amplify plasmid D32E/
F33L. Lastly, R30T/D32E/F33L was amplified using R30T/D32E as the
template. The expression and purification processes were conducted as
mentioned in section 2.3. In addition, the enzymatic characteristics of
the obtained mutants, including enzyme activities, K;,, values of F16BP,
and K; values of AMP, were measured based on the methods mentioned
in section 2.4.

2.6. Molecular docking analysis

The tertiary structures (PDB files) of the wild-type (WT) and nine
mutant proteins were obtained from the online I-TASSER service. The
ligands (Mol2 files), including F16BP and AMP, were downloaded from
the ZINC database (https://zinc.docking.org/). Autodock 4.2 (The
Scripps research institute, La Jolla, CA, USA) was used to perform the
docking analysis (Zhang, Liu, Yang, Chen, & Jiao, 2017). A grid box of
60 x 60 x 60 points with a default resolution was applied, and the
center of the grid box was set to the geometric center of the predicted
binding pocket. The results were analysed by the binding energy and the
number of hydrogen bonds. The visualisation of the docking results was
performed using Pymol 2.3 (Schrodinger LLC, New York, NY, USA) (Yan,
Zhang, Hu, & Ma, 2013).

3. Results and discussion
3.1. Cloning and analysis of VrFBP

The CDS of VrFBP was cloned based on the mung bean genome, and
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was identified as a single copy gene based on genome annotation and
alignment. The length of obtained PCR product was 1023 bp (coding a
putative protein of 341 amino acids) and the sequence was submitted to
GenBank database (accession no.: MK469994). Based on the nucleotide
sequence, a phylogenetic tree was developed and is shown in Fig. S1.
VrFBP showed highest similarity (98.53%) with cytosolic FBPase from
Vigna angularis (VaFBP, XM_017558026). Moreover, VrFBP shared more
than 90% sequence identity with the FBPs from Phaseolus vulgaris
(95.99%, PvFBP, XM_007143470), Cajanus cajan (92.56%, CcaFBP,
XM_020376533), Glycine max (92.18%, GmFBP, NM_001255239), and
Abrus precatorius (90.51%, ApFBP, XM_027507461), which all belong to
the Fabaceae family. The results indicated that the cytosolic FBPases
from these species might share the same ancestral gene. In addition,
VrFBP presented lower similarities with FBPs from other plants, such as
Cicer arietinum (77.77%, CarFBP, XM_004485475), and Oryza sativa
(77.06%, OsFBP, XM_015785975). The phylogenetic relationships of the
FBPase genes were consistent with the divergence time of the species
used (http://www.timetree.org/) (Kumar, Stecher, Suleski, & Hedges,
2017).

3.2. Amino acid sequence analysis of cFBPase

The multiple alignment of amino acid sequences of cFBPase of mung
bean and some typical FBPases is presented in Fig. 1A. The secondary
structure analysis showed that the main chain of Vr-cFBPase comprised
8 a-helices and 16 f-strands (Fig. 1Ba). The functional sites, labeled by
Conserved Domains analysis (https://www.ncbi.nlm.nih.gov/Structu
re/cdd/wrpsb.cgi), showed that the AMP binding site residues (Leu?®,
Gln%, Arg3°, Asp32, Phe®3, Thr34, Lys“s, and Tyruﬁ, ordered according
to the Vr-cFBPase sequence) formed a pocket surface structure
(Fig. 1Bc). However, these binding site residues were not conserved in
different species. For example, the Leu®® in H1 was conserved in all
selected plant FBPases, but not in the E. coli and human enzymes.
Furthermore, an AMP binding domain composed of four continuous
amino acid residues at the start of H2 exhibited high conservation
among the selected plant cFBPases. However, the Arg®° in the cpFBPase
from spinach, were replaced by Asp and Thr in the FBPases of E. coli and
human, respectively. Moreover, replacements of Asp>? and Phe>® by Glu
and Leu, respectively, were observed. Lastly, two binding site residues,
Lys'!® and Tyr!!®, showed consistency among different species.

Thr?” and Glu®® in the human FBPase (Hs-FBPase) form hydrogen
bonds with the phosphate part of AMP (Kelley-Loughnane & Kantrowitz,
2001). In addition, Thr®! contacts with the amino part, and Ala®* which
was replaced as Pro% in Vr-cFBPase (Fig. 1A), forms van der Waals
contact with the adenine part. The Hs-FBPase exhibited relative high
affinity with the inhibitor AMP (K; = around 6-9 pM, Table S2). In
spinach cpFBPase (So-cpFBPase), the binding site Arg>® was replaced by
Asp. These differences might result in lost AMP affinity (Daie, 1993). In
addition, the cFBPase of spinach presented relative low affinity for AMP
(K; = around 120 pM). Similar results were observed for the pea cFBPase
(Jang, Lee, Lee, & Hahn, 2003). The amino acid sequences of AMP
binding sites in mung bean Vr-cFBPase showed high conservation
compared with those in spinach cFBPase (So-cFBPase), indicating
similar AMP binding properties between the two enzymes.

The predicted six metal binding site residues (Asp’’, Glu!%, Glu'%?,
Asp1 21, Leu123, and Glu®®®) of Vr-cFBPase were all conserved in different
species (Fig. 1A). For human and E. coli FBPases, Mg?" or Mn?" are
required for the catalysis activity (Brown et al., 2009; Shi et al., 2013). A
group of functional site residues including Glu97, Glugs, Asplls, and
Asp'?!, in human liver FBPase forms a negatively charged binding
pocket for divalent metal ions. These residues are also conserved in the
pig kidney enzyme, indicating their important functions during evolu-
tion (El-Maghrabi, Gidh-Jain, Austin, & Pilkis, 1993). One of the metal
sites is coordinated by Glu®’, Asp!*®, Glu?®°, and the 1-phosphate part of
the substrate, and the other one is coordinated by Glu”’, Asplls, Leu'?°,
and the substrate. Asp’* forms a crucial hydrogen bond with the C-
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FBP 341 5.68 374 Stable No Endoplasmic reticulum

Fig. 1. A: Amino acid sequence alignment of selected fructose-1,6-bisphosphatases (FBPs). The sequences of FBPs from Vigna radiata, Glycine max, Ricinus communis,
Solanum tuberosum, Arabidopsis thaliana, Oryza sativa, Spinacia oleracea, Escherichia coli, and Homo sapiens, are shown. The conserved amino acids in all selected
species are highlighted in orange and residues marked by green triangles (a), red circles (@), and blue squares () represent predicted adenosine monophosphate
(AMP) binding sites, metal binding sites, and active sites, respectively. The secondary structures of FBP from Vigna radiata are shown above the sequence, and helices
and strands are exhibited as red bars and blue arrows, respectively. B: A structural model of FBP from Vigna radiata obtained from homology modelling using the
crystal structure of FBP from pig kidney (PDB code: 1FSA) as the template. C: The deduced polypeptide properties, including length, isoelectric point, molecular
weight, stability index, signal peptide, and subcellular localisation. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

terminal of loop 50-72, which plays an important role in metal cation The metal binding and active site residues (Asp'?*, Ser'?°, Ser'?’,
binding (Gao, Shen, & Honzatko, 2014). The conserved amino acids of Asn?18, Arg246, Tyr247, Met>1, Tyr267, and Ly5277) formed a complex
metal binding sites indicated that the analysed enzymes might share catalytic center on the opposite side to the AMP binding pocket (Fig. 1A,
similiar metal binding mechanisms. Bb). Of the nine predicted active site residues, 7 were consistent in the
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10 selected FBPases. However, Asn?'® was replaced by Tyr in the human
enzyme, and it interacts with the 6-phosphate group of the substrate.
Furthermore, Met?>! was replaced by Leu in So-cpFBPase and Ec-
FBPase, which binds to the furanose ring (Liang, Huang, Zhang, Ke, &
Lipscomb, 1992). During the catalytic reaction, a proton is transferred
from Asp'?! (carboxyl group) of Hs-FBPase to the ester oxygen of the
substrate (El-Maghrabi, Gidh-Jain, Austin, & Pilkis, 1993). The back-
bone NH of Ser'?® and Ser'?* might interact with the 1-phosphate of the
substrate, F16BP. In addition, Tyr>**, Tyr?%4, and Lys?*’* coordinately
form hydrogen bonds with the 6-phosphate group (Liang, Huang, Zhang,
Ke, & Lipscomb, 1992). The high proportion of conserved metal binding
and active site residues in mung bean indicated that the catalysis
mechanism and properties of Vr-cFBPase might be similar with the well-
studied So-FBPase or Ec-FBPase.

The obtained protein model was verified using Ramachandran plot
(Fig. S2) and Verify3D scores (Fig. S3). The results showed that 98.6% of
residues located in the allowed area and 92.67% of the residues scored
more than 0.2, indicating the reliability of the model. Furthermore,
some basic molecular properties of Vr-cFBPase were predicted by
related bioinformatic tools (Fig. 1C). The results showed that this pro-
tein contained 341 residues and the isoelectric point was around 5.68,
which was higher than the cpFBPase in spinach (4.65) (Reichert,
Dennes, Vetter, & Scheibe, 2003). Furthermore, the molecular weight
(MW) of Vr-cFBPase was predicted as 37.4 kDa. Similarly, the MWs of
cFBPases in both sugar beet and spinach are around 37 kDa (Daie,
1993). In addition, the FBPases from human and pig also show MWs at
around 37 kDa (El-Maghrabi, Gidh-Jain, Austin, & Pilkis, 1993; Gao,
Shen, & Honzatko, 2014). However, cpFBPases generally present larger
MWs compared with cFBPases because of the inserted additional func-
tional residues. According to the stability index value, the Vr-cFBPase
protein was stable, with an instability index lower than 40 (Chen
et al., 2015).

3.3. Purification and characterisation of Vr-cFBPase

The recombinant plasmid Pet32-FBP was expressed in BL21 (DE3)
and induced by IPTG. The SDS-PAGE results (Fig. 2) showed that
compared with the intracellular protein bands in uninduced group (lane
U), the induced group (lane I) presented a higher band intensity corre-
sponding to the predicted size of Vr-cFBPase (around 37 kDa). The crude
cytoplasmic protein extract was further purified, and the purified pro-
tein was analysed using SDS-PAGE. A single band at 37 kDa was pre-
sented (lane WT), which was consistent with the predicted MW of the
Vr-cFBPase in the vector. The results showed that Vr-cFBPase had a
similar amino acid sequence and MW compared with those of other
plants, indicating the conservative properties of this enzyme (Daie,
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1993; Zhou & Cheng, 2004).

The Vr-cFBPase enzyme activities were monitored by measuring the
contents of NADPH formed via the coupling glucose-6-phosphate de-
hydrogenase and phosphoglucose isomerase (Fig. 3). The metal
requirement test showed that the Vr-cFBPase exhibited specific re-
quirements for the divalent metal ions Mg?" or Mn?" (Fig. 3A). The
enzyme did not show catalysing activity without metal ions. In addition,
it had no requirement for other metal ions, including Ca%*, Co®*, Cu?*,
and Zn?*, at the tested concentration range of 0.01-10 mM. Further-
more, under the same ion concentration (5 mM), the Vr-cFBPase showed
higher affinity for Mn?* compared with that for Mg?". The enzyme ac-
tivity was 13.87 pmol-min~!-mg ! in the Mn?" group, while it was 3.66
pmol-min~!-mg~! in the Mg?* group. Furthermore, the enzymatic ki-
netics under different concentrations of metal ions showed that the
enzyme responded to Mg?* and Mn?* with a K;, of 1.72 and 6.07 mM,
respectively (Fig. 3B). These results are consistent with a previous study
of cFBPase from apple leaf (Zhou & Cheng, 2004). Either Mn?* or Mg2*
was needed for the enzyme activity, with a K, value of 62 uM and 0.59
mM, respectively. However, some different metal requirements were
found in other FBPases. For example, the pig kidney FBPase could be
activated by Zn*. In addition, a metal-independent FBPase was found in
Saccharomyces cerevisiae (Kuznetsova et al., 2010).

The thermal stability of Vr-cFBPase was studied and the results
showed that the enzyme maintained relatively high activities at low
temperatures (5, 15, and 25 °C) (Fig. 3C). The activity was reduced to
6.26 pmol-min~*-mg ™! after pre-treatment at 35 °C for 10 min. More-
over, the enzyme activity decreased continuously as the temperature
increased, and was almost completely inactivated at temperatures
higher than 65 °C. The results indicated that heat treatment could not be
applied in the purification of recombinant Vr-cFBPase (Jang, Lee, Lee, &
Hahn, 2003). In addition, the catalysing kinetics of Vr-cFBPase substrate
(F16BP) were monitored (Fig. 3D). The results showed that F16BP
bound to Vr-cFBPase by positive cooperativity with a Hill coefficient
value of 3.19. The conclusion was consistent with the study of FBPase in
Leishmania (Yuan et al., 2017). The K, value of 7.96 pM was similar to
those of pig kidney FBPase (1.4-5.9 pM), and human FBPase (0.8-3.3
uM) (Table S2) (Ludwig et al., 2007). The results might be explained by
the replacement of the active site Asn?'® (Fig. 1A), resulting in similar
contact with the 6-phosphate group of F16BP (discussed later in site-
directed mutagenesis part).

AMP inhibits the FBPase activity by binding to sites that are about 30
A distant from the active site. Its allosteric inhibition mechanism in
mammals has been well studied (Yuan et al., 2017). In this study, the
inhibitive effect of AMP on cFBPase was tested and is presented in
Fig. 3E. The K; value of Vr-cFBPase was 111.09 pM and the ny was 0.91,
indicating negatively cooperative binding. Interestingly, the data in

Fig. 2. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of fructose-1,6-bisphosphatase extracts. Lane M: Protein markers from 10
to 250 kDa; Lane U: uninduced cytoplasmic total proteins; Lane I: induced cytoplasmic total proteins; Lane WT, R30T, D32E, F33L, N218Y, M251L, R30T/D32E,
R30T/F33L, D32E/F33L, and R30T/D32E/F33L: purified wild-type (WT) and mutant proteins.
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Fig. 3. A: Metal ion requirement test of mung bean fructose-1,6-bisphosphatase (Vr-cFBPase). B: Kinetic activities under different concentrations of Mg?* and Mn**.
C: Heat stability test of Vr-cFBPase. D: Enzyme activities under different concentrations of substrate fructose-1,6-bisphosphate (F16BP). E: Enzyme activities in the
presence of different concentrations of inhibitor adenosine monophosphate (AMP). F: Kinetic characterisation of Vr-cFBPase under different concentrations of AMP.

Table S2 showed that the AMP K; values of cFBPases from different
plants are generally equivalent, at around 120 pM. By contrast, the
FBPases for mammals had significantly lower K; values (2.8-24 pM)
(Daie, 1993; Dzugaj & Kochman, 1980; Gidh-Jain et al., 1994; Jang, Lee,
Lee, & Hahn, 2003; Kelley, Giroux, Lu, & Kantrowitz, 1996; Kelley-
Loughnane et al., 2002; Liu & Fromm, 1988; Ludwig et al., 2007;
Opheim & Bernlohr, 1975). Sequence analysis showed that, compared
with those in Hs-FBPase, the AMP binding site residues of cFBPases in
the selected plants were poorly conserved (Fig. 1A), with only two
(Lys''® and Tyr''®) being identical out of eight residues. The differences
in residue sequences explain the weaker AMP binding affinity of these
cFBPases (lower K; values). The determined K; value (111.09 pM) of Vr-
cFBPase is likely to be in the physiological range of intracellular AMP

levels in mung bean revealed in our previous study (estimated as
105-469 pM) (Chen, Tan, Zhao, Yang, & Yang, 2019). This suggested
that Vr-cFBPase and its related metabolism might be regulated by the
AMP content in mung bean. The activity kinetic curves of Vr-cFBPase in
the presence of different AMP contents showed that the maximum ac-
tivity decreased as AMP concentration increased (Fig. 3F). In addition,
the substrate (F16BP) affinity was not altered under different AMP
levels, confirming that Vr-cFBPase is noncompetitively inhibited by
AMP.

3.4. Site-directed mutagenesis and molecular docking analysis

Based on the sequence and activity studies, five functional site
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residues, including three AMP binding site residues (Arg>’, Asp>? and
Phe33) and two active site residues (Asn218 and Metzsl) were mutated
using site-directed mutagenesis. Moreover, four combined mutants were
generated to study the AMP binding properties of Vr-cFBPase. The
constructed plasmids were verified by sequencing and the expressed
proteins (R30T, D32E, F33L, N218Y, M251L, R30T/D32E, R30T/F33L,
D32E/F33L, and R30T/D32E/F33L) were purified and checked by SDS-
PAGE (Fig. 2). The substrate (F16BP) catalysing capacities of the ten
proteins (WT and nine mutants) were determined and are shown in
Fig. 4. The results showed that mutations of these functional sites
resulted in changes to the maximum reaction rate and substrate affinity
of Vr-cFBPase. Three mutants, R30T, N218Y, and R30T/D32E exhibited
lower enzyme activities compared with that of the WT. By contrast, the
activities of the other mutants were increased by different degrees. For
example, the D32E/D33L mutant presented the highest catalysis rate, of
33.36 pmol-min~!-mg~!. The replacement of Met?>! by Leu?>! improved
the enzyme activity by 13.87%. In addition, the changes to the binding
affinities (K;,,) of the mutants generally exhibited a negative correlation
with the altered enzyme activities. For instance, the K;, values of D32E/
D33L and M251L decreased from 8.12 pM (WT) to 3.78 and 2.53 pM,
respectively.

Mutation (N218Y) of active site Asn®'® in Vr-cFBPase did not
significantly affect the K;, value compared with that of the WT. The
results indicated that the amino acid Tyr, which contacts with the 6-
phosphate of substrate (Liang, Huang, Zhang, Ke, & Lipscomb, 1992),
might be replaceable by Asn and might share a similar binding mecha-
nism in FBPases. This explained the similar substrate catalysing prop-
erties between Vr-cFBPase and Hs-FBPase. Contrastingly, M251L
presented significantly higher activity and affinity. Met?! is conserved
in cFBPases and Hs-FBPase, and it is replaced by Leu in cpFBPase and Ec-
FBPase (Fig. 1). The mutation results indicated that residue replacement
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might result in conformational and/or affinity alterations of the enzyme.
Further molecular docking analysis showed that the hydrogen bonds
formed by Tyr?¥” and Lys?’” might play an important role in the sub-
strate binding property of Vr-cFBPase (Fig. 5A). Although Met®! does
not directly bind with the substrate F16BP, the binding energy of M251L
decreased from — 1.73 (WT) to — 2.58 kcal-mol’l, and the molecular
distance between the active site and ligand was lowered from 4.9 to 4.2
A (Fig. 5B). These results explained the improved affinity and activity of
M251L compared with that of the WT. Interestingly, mutations of AMP
binding site residues also affected the F16BP catalysing property of Vr-
cFBPase. Around three times higher enzyme activity was observed for
the R30T/D32E mutant. Docking analysis showed that the binding en-
ergy was decreased to — 1.97 kcal-mol ™! (Fig. 5C). The results indicated
that the mutations of Asp>2 and Phe>3, which are located at the endpoint
of H2, might change the protein’s conformation and further improve the
activity and affinity of Vr-cFBPase. A previous study also showed that
the alteration of AMP binding site residues (Lys''2 and Tyr''%) of FBPase
(pig kidney) resulted in an increased K, and reduced Mg?" affinity
(Kelley-Loughnane & Kantrowitz, 2001). These results revealed the
allosteric property of FBPase and suggested a direct connection between
the AMP binding pocket and the active site.

The functional properties of selected AMP binding site residues were
also studied using site-directed mutagenesis and molecular docking
(Fig. 6). The continuous Arg?’o, Asp32, Phe33, and Thr®* form an
important component in the AMP binding pocket and the binding
mechanisms of their homologous residues in human and pig have been
studied extensively (Kelley-Loughnane & Kantrowitz, 2001). In this
study, the non-conserved residues Arg>°, Asp®?, and Phe3? in Vr-cFBPase
were replaced by the corresponding amino acids from Hs-FBPase. The
AMP affinities of the WT and the related mutants are shown in Fig. 6A.
The WT exhibited a K; value around 120 pM, which was similar with the
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Fig. 4. A: Kinetic activities of the wild-type (WT) mung bean fructose-1,6-bisphosphatase (Vr-cFBPase) and nine mutants. B: The Michaelis-Menton constant (K,) and

relative activity of each protein.
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Fig. 5. Molecular docking analysis of wild-type mung bean fructose-1,6-bisphosphatase (Vr-cFBPase) (WT, A), the M251L mutant (B), and the D32E/F33L
mutant (C).

-1.03 keal-mol ™!

Fig. 6. A: Adenosine monophosphate (AMP) inhibitory constant (K;) of each protein. B: Molecular docking analysis of wild-type mung bean fructose-1,6-
bisphosphatase (Vr-cFBPase) (WT, a), the D32E mutant (b), and the R30T/D32E/F33L mutant (c).

cFBPases in pea and spinach (Table S2). Docking analysis showed that Of the single residue mutants (R30T, D32E, and F33L), D32E pre-
Arg®® and Asp>? formed hydrogen bonds with AMP and the binding sented highest K; value (268.39 pM). In addition, the combined mutants
energy was — 1.03 kcal-mol™! (Fig. 6Ba). The results were consistent R30T/D32E and R30T/D32E/F33L showed higher K; values (678.39 and
with the homologous sites in the human enzyme (Kelley-Loughnane & 649.03 pM, respectively) among the mutants. These results indicated
Kantrowitz, 2001). Compared with the WT, most of the mutants (except that Asp32 might play an important role in maintaining the binding af-
F33L) exhibited higher K; values, indicating weakened binding affinities finity of Vr-cFBPase. Molecular docking showed that the hydrogen bond
for AMP. between Asp>2 and AMP disappeared after residue replacement by Glu
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(Fig. 6Bb). However, in the human FBPase, the homologous residue
(Glu®®) forms a hydrogen bond with AMP and exhibited low Ki values
(6-9 pM) (Dzugaj & Kochman, 1980; Gidh-Jain et al., 1994; Kelley-
Loughnane & Kantrowitz, 2001). The results indicated that plant
evolved a discriminative AMP binding conformation compared with that
in the human enzyme. In addition, the binding energy of D32E was
improved to 0.28 kcal-mol™!. The molecular distance between the
enzyme and AMP was increased from 5.1 (WT) to 8.0 A (D32E). These
data helped to explain the decreased AMP affinity of the D32E mutant.
In addition, docking analysis of R30T/D32E/F33L showed that the
replaced Thr®® formed a hydrogen bond with AMP (Fig. 6Bc). Further-
more, the binding energy and molecular distance were improved to —
0.7 keal-mol ! and 11.9 A, respectively, compared with those of the WT.
The docking results were generally in accordance with the K; analysis of
the purified proteins. Although Hs-FBPase exhibited higher AMP bind-
ing affinity than Vr-cFBPase (Table S2), the replacement of selected
binding site residues in Vr-cFBPase by the homologous residues in Hs-
FBPase could not enhance the AMP binding affinity of Vr-cFBPase.
This implied that the evolved AMP binding sites of mung bean
cFBPase are interconnected and coordinately form the binding confor-
mation. The functional characteristics of cFBPase active site residues
provide reference information for our further genome editing study of
mung bean.

4. Conclusion

The goals of this study were to structurally characterise the cFBPase
of mung bean, and eventually improve the crop quality and yield. The
CDS (MK469994) of cFBPase from mung bean was firstly cloned. Some
basic bioinformatic analyses (phylogenetic tree, secondary structure
prediction, homology modelling, isoelectric point, etc.) were conducted
to obtain general information about the Vr-cFBPase. The protein was
expressed, purified, and further characterised. Vr-cFBPase is around 37
kDa and exhibited divalent metal ion requirements of Mg?* and Mn?" at
a concentration range of 0.01-10 mM. The K, values of Mg?" and Mn?*
for enzyme activation were 1.72 and 6.07 mM, respectively. Moreover,
the Vr-cFBPase was not heat stable and its K;, and K; values of the
substrate F16BP and inhibitor AMP were 7.96 and 111.09 pM, respec-
tively. In addition, the functional properties of selected residues were
studied using site-directed mutagenesis and molecular docking analysis.
The results showed that the active site residues Asn®'® and Met®®! in Vr-
cFBPase could be replaced by homologous Tyr and Leu, respectively,
and that the M251L mutant resulted in improved enzyme activity and
substrate affinity. The decreased binding energy and molecular distance
might contribute to the alteration. Furthermore, mutations of AMP
binding site residues also affected the enzyme’s activities, indicating the
connection between the AMP binding site and the active site. Lastly, the
K; of the mutants revealed the important role of Asp? in Vr-cFBPase’s
affinity for AMP. This work provides valuable information for the
structural properties of cFBPase, and lays the foundation for further
precision breeding of mung bean.
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