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Abstract: Polyphosphate-dependent glucomannokinase (PPGMK) is able to utilize inorganic polyphos-
phate to synthesize mannose-6-phosphate (M6P) instead of highly costly ATP. This enzyme was
modified and designed by combining error-prone PCR (EP-PCR) and site-directed saturation mutage-
nesis. Two mutants, H92L/A138V and E119V, were screened out from the random mutation library,
and we used site-specific saturation mutations to find the optimal amino acid at each site. Finally,
we found the optimal combination mutant, H92K/E119R. The thermal stability of H92K/E119R
increased by 5.4 times at 50 ◦C, and the half-life at 50 ◦C increased to 243 min. Moreover, the enzyme
activity of H92K/E119R increased to 16.6 U/mg, and its enzyme activity is twice that of WT. We
analyzed the structure of the mutant using molecular dynamics simulation. We found that the
shortening of the hydrogen bond distance and the formation of salt bridges can firmly connect the
α-helix and β-sheet and improve the stability of the PPGMK structure.

Keywords: error-prone PCR; directed evolution; site-directed saturation mutagenesis; polyphosphate
dependent glucomannokinase

1. Introduction

Mannose-6-phosphate (M6P) participates in a variety of metabolic processes that
occur within human cells, such as the synthesis of Golgi and the markers of lysosomal
enzymes. M6P can be used for targeted drug delivery in the treatment of cancer [1]. In
cell signaling, M6P can specifically bind with mannose-6-phosphate receptors (M6PR),
an important signaling receptor in cells. It can be used to treat numerous diseases [2–4].
In recent years, M6P has also received attention in the medical beauty industry for its
ability to improve the biomechanical properties of the skin to achieve an anti-aging effect,
as well as the treatment of skin redness [5]. However, the chemical synthesis of M6P is
inefficient and complicated, and the conversion rate of chemical synthesis of M6P was
only 76% [6]. MILTON W. S. has used hexokinase to catalyze the synthesis of M6P, but
the substrate is expensive ATP, which greatly increases the cost of industrialization [7].
Our group has used the polyphosphate-dependent glucomannokinase (PPGMK) gene,
derived from the Arthrobacter sp KM strain, to heterologously express PPGMK. We used
(NaPO3)6 to replace ATP to achieve a low-cost, green, and efficient synthesis of M6P [8],
with a conversion rate of PPGMK-catalyzed synthesis of M6P close to 100%. However,
the half-life of PPGMK is about 40 min at 50 ◦C. The poor thermal stability of PPGMK
does not easily meet the requirements of actual industrial production. This study considers
changing the molecular structure of the enzyme to improve the thermal stability of PPGMK.
To date, no work has been reported to modify the activity or thermal stability of PPGMK
from the Arthrobacter sp KM strain. Additionally, the enzymatic activity of PPGMK from
diazotrophic Cyanobacteria is 2–3 U/mg, and it reaches half-life in about 30 min at 50 ◦C [9].
A similar enzyme, polyphosphate glucokinase (PPGK), can only catalyze the synthesis
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of glucose-6-phosphate (G6P) from glucose, but has no activity on mannose. Zhou et al.
simultaneously directed evolution of the enzymatic activity and thermostability of PPGK
from Thermobifida fusca YX using a petri dishbased double-layer high-throughput screening
(HTS) strategy for more efficient production of inositol [10]. Its thermal stability is enhanced
by the formation of hydrogen bonds and is related to stabilizing the conformation of
the flexible loop. Similarly, the introduction of other chemical bonds, such as disulfide
bonds [11], also has a great effect on stabilizing the conformation. Bell et al. rationally
designed disulfide bonds to stabilize the conformation of IsPETase [12] and introduced
hydrogen bonds to synergistically improve the thermal stability of IsPETase. Enzymes
with high thermostability can survive higher reaction temperatures and have a low rate
of inactivation. This will improve the efficiency of the catalytic reaction and greatly lower
production costs [13,14].

The directional evolution of enzymes is already a well-established technology, includ-
ing irrational design methods represented by error-prone PCR and semi-rational design
and rational design combined with molecular simulation [15,16]. It is more advantageous
to use error-prone PCR to create random mutation libraries that make it easier to change the
global characteristics of enzymes [17], such as thermal stability [18,19] and pH stability [20].
Moreover, error-prone PCR has also been used to enhance enzyme activity, such as cellulase
and chitinase [21,22]. Error-prone PCR in combination with site-directed mutagenesis to
further modify the enzyme, which can accumulate benefit mutations, improved mutant
performance progressively and effectively [23]. This study employed this particular strat-
egy for the directed evolution of the thermal stability of PPGMK: first, screen out the hot
spot amino acids that have an impact on thermal stability in random libraries; second,
use the site-directed saturation mutation to choose the most suitable amino acid at this
position [24]; finally, obtain the mutant with improved thermostability.

In the process of the directed evolution of proteins, high-throughput methods can
greatly improve efficiency [25,26]. The support of high-throughput screening equipment
makes a sensitive and efficient detection method essential, such as in the color reaction of
H2O2 and horseradish peroxidase (HRP) coupled with ABTS [26]. This method has been
used in the screening of mutant libraries [27]. However, it is not used in combination with
high-throughput screening equipment, and the efficiency is very low. In this experiment,
we coupled this method with glucose oxidase to achieve rapid high-throughput detection
of glucose.

PPGMK has catalytic activity on mannose and glucose. There is a special sequence
of seven amino acids in the conserved region of glucose/mannose binding area. The
mutant lacking the special sequence has no mannose catalytic activity [28]. It is difficult to
establish a high-throughput screening method to detect the concentration of mannose or
M6P. Glucose can be used as a model substrate for the establishment of a high-throughput
screening method. This method of screening with model substrates requires additional
validation [26]. Necessarily, the advantageous mutant should be rescreened using mannose
as a substrate to demonstrate that it does not affect mannose catalysis.

Molecular dynamics simulation (MD) combines quantum mechanics to analyze the
motion trajectories of molecules in a limited framework. MD plays a key role in under-
standing protein stability and molecular mechanisms, and can also analyze the formation
of some chemical bonds. Root mean square deviation (RMSD) represents the relative shift
of the entire protein conformation, and a large RMSD value indicates poor stability of the
protein; root mean square fluctuation (RMSF) reflects the offset of single amino acid, and
a large RMSF value indicates that this amino acid is prone to offset. MD of the enzyme
structure can analyze the reasons for the improvement of stability. In addition, we can gain
inspiration from MD results, such as predicting various hot spots, and further evolving the
thermal stability of the enzyme through semi-rational design methods [29].
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2. Results
2.1. Construction and Screening of Random Mutation Libraries

We constructed a random mutation library using random selections from the mu-
tant library for sequencing, and controlled the mutation rate at about 1–2 bp/kb. High
mutation rates caused most mutants to lose catalytic activity. In addition, unfavorable
mutations also conceal advantageous mutations, which increases the difficulty of screening.
High-throughput screening of 3000 mutants was carried out using the method in 4.4. The
screening method was optimized through a pre-experiment. It was found that when the
residual glucose concentration was 0–10 mM, A415nm was linear with the glucose concen-
tration, the linear relationship is represented as y=0.172x + 0.1089 (R2 = 0.9997), where
y represents A415nm and x represents glucose concentration (mM). When the remaining
glucose exceeds 10 mM, A415nm is also positively correlated with the glucose concentration,
although the linearity is poor. We adjusted the initial concentration and reaction time of
the screening reaction so that the residual glucose concentration of WT after the reaction
is about 10 mM. The advantageous mutants can be screened more clearly, and A415nm
can also better reflect the conversion rate of glucose. In addition, it is clearer to use the
reciprocal 1/A415nm of A415nm to reflect the quality of the mutant. The larger the value of
1/A415nm, the more glucose is catalyzed in a certain period of time, and the mutant with
the largest value of 1/A415nm is regarded as the best mutant. We removed the non-mutated
and synonymous mutants shown in the sequencing results from advantageous mutants
obtained from primary screening, and five mutants were left: G20F, E70V/E119K, K264E,
H92L/A138V, and E119V. The calculated positive rate was recorded at 0.167%. We used
a 50 mL Erlenmeyer flask to obtain the crude enzymes of each mutant. Then we diluted
to the same concentration after purification and performed re-screening with the ABTS
method shown in 4.4. The results of re-screening are shown in Figure 1, where it can be
seen that H92L/A138V and E119V are better than the wild-type. These two mutants were
used as templates for further screening. The SDS-PAGE electropherograms of the wild-type
and mutant strains are shown in Figure 2. Both the two enzymes have over-expression
bands at 30 kDa.
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that H92L/A138V and E119V are better than the WT (the higher the value of 1/A415nm, the higher
the catalytic efficiency).



Catalysts 2022, 12, 1112 4 of 14Catalysts 2022, 12, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 2. (a) SDS-PAGE electrophoresis results of WT, H92L/A138V, and E119V; the mutant has an 
over-expression band around 30 kDa similar to WT. Lane M: Protein Marker; Lane 1: WT; Lane 2: 
H92L/A138V; Lane 3: E119V; (b) Comparison of SDS-PAGE electrophoresis results before and after 
PPGMK purification. Lane M: Protein Marker; Lane 4: WT before purification; Lane 5: WT after 
purification; Lane 6: H92L/A138V after purification; Lane 7: E119V after purification. 

2.2. Construction and Screening of Site-Directed Saturation Mutation Libraries 
Through random mutation screening we identified three sites that have impacts on 

thermal stability: H92, E119, and A138, specifically. To further explore which amino acids 
at these three sites contribute more to the improvement of thermal stability, site-directed 
saturation mutations were carried out at the three sites, respectively. A site-directed satu-
ration mutant library was constructed by the method of 4.4, and 400 mutants were 
screened at each site. The advantageous mutants at each point were screened. 

After purification with a nickel column, the protein concentration was determined 
by the Coomassie brilliant blue method and diluted to the same concentration. We used 
the ABTS method shown in 4.4 for re-screening. When we compared the results with wild-
type and H92L/A138V, E119V mutants, we screened out mutants with significantly lower 
A415nm and selected the best mutation. Accordingly, it was determined that the best mutant 
amino acids at the three positions were H92K, E119R, and A138R. The results of re-screen-
ing are shown in Figure 3: 

Figure 2. (a) SDS-PAGE electrophoresis results of WT, H92L/A138V, and E119V; the mutant has
an over-expression band around 30 kDa similar to WT. Lane M: Protein Marker; Lane 1: WT;
Lane 2: H92L/A138V; Lane 3: E119V; (b) Comparison of SDS-PAGE electrophoresis results before
and after PPGMK purification. Lane M: Protein Marker; Lane 4: WT before purification; Lane 5: WT
after purification; Lane 6: H92L/A138V after purification; Lane 7: E119V after purification.

2.2. Construction and Screening of Site-Directed Saturation Mutation Libraries

Through random mutation screening we identified three sites that have impacts on
thermal stability: H92, E119, and A138, specifically. To further explore which amino acids
at these three sites contribute more to the improvement of thermal stability, site-directed
saturation mutations were carried out at the three sites, respectively. A site-directed
saturation mutant library was constructed by the method of 4.4, and 400 mutants were
screened at each site. The advantageous mutants at each point were screened.

After purification with a nickel column, the protein concentration was determined
by the Coomassie brilliant blue method and diluted to the same concentration. We used
the ABTS method shown in 4.4 for re-screening. When we compared the results with
wild-type and H92L/A138V, E119V mutants, we screened out mutants with significantly
lower A415nm and selected the best mutation. Accordingly, it was determined that the best
mutant amino acids at the three positions were H92K, E119R, and A138R. The results of
re-screening are shown in Figure 3:
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sites, respectively (the higher the value of 1/A415nm, the higher the catalytic efficiency).
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2.3. Combination and Screening of Mutation Sites

We combined the best mutations observed at the three sites into three mutants:
H92K/E119R, H92K/A138R, and E119R/A138R. Then, we determined the enzyme ac-
tivity of two mutants selected by random mutations, three single-point mutants, and three
double-point mutants. These test results are shown in Figure 4. A138R did not increase or
decrease the enzyme activity significantly. The increase in enzyme activity of the mutant
containing A138R was also less than that of the mutant H92K/E119R, the combination of
E119R and H92K. Among them, E119R increased the enzyme activity by about two times
and was considered to be representative of the most improved thermal stability of the three
mutation sites.
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Figure 4. Initial enzyme activity test results of WT, H92L/A138V, E119V, H92K, E119R, A138R,
H92K/E119R, H92K/A138R, and E119R/A138R at 30 ◦C (the value of each data point represents the
average value).

Next, the half-life of the wild-type and all mutants was determined. The results are
shown in Figure 5. The results show that the H92K and E119R mutation sites significantly
improve the thermal stability of the enzyme. Connecting the two closest points with the
remaining activity of about 50% determines the time when the remaining activity is exactly
50%: the half-life value. The half-life of H92K/E119R at 50 ◦C can reach 243 min, while
that of the wild-type is less than 45 min, and the thermal stability was increased by about
5.4 times. The half-life of H92K was increased by about 1.5 times, and the half-life of E119R
was increased by about 2 times. However, the mutants containing A138 did not exhibit
high thermal stability or even reduced thermal stability, which resulted in the half-life of
H92K/A138R and E119R/A138R being lower than that of the single-point mutant H92K
and E119R. Therefore, the three-point combination of the A138R site and the optimal
mutant H92K/E119R were not considered.
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H92K/A138R, and E119R/A138R at 50 ◦C. Heat treatment at 50 ◦C for 0–480 min, with the re-
flected enzyme activity of each enzyme without heat treatment recorded at 100%. Determination of
the residual vitality, where the value of each data point represents the average value.

2.4. Characteristic Analysis of Mutants

After discarding the mutants A138R, H92K/A138R, and E119R/A138R, the optimal
temperature was determined for the remaining mutants and wild-type. At 25–70 ◦C, the
temperature gradient was set to every 5 ◦C for measurement, and the enzyme activity
at the optimal temperature of each enzyme was 100%, calculating the percentage value
of enzyme activity of each enzyme. The measurement result is shown in Figure 6. The
optimum temperature of WT and H92K was 50 ◦C, and the optimum temperature of E119
and H92K/E119R increased to 55 ◦C. It can be seen from Figure 6 that not only does
the optimum temperature of E119R and H92K/E119R increase by 5 ◦C. Moreover, the
enzymatic activity decreases more slowly with increasing temperature, while WT and
H92K decrease rapidly after the temperature reaches 50 ◦C.
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Figure 6. The optimal temperature of WT, H92K, E119R, and H92K/E119R was measured, reacted at
25–70 ◦C for 10 min, and three sets of enzyme activity data were tested every 5 ◦C. The value of each
data point represents the average value.

The kinetic parameters of WT, H92K, E119R, and H92K/E119R on the substrate man-
nose were tested, including Km, Vmax, and Kcat/Km. The results are shown in Table 1. The
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Km value of WT is 152.5 mM, and the Km values of mutants E119R and H92K/E119R are
reduced to 24.5 mM and 13.6 mM, and this shows that the E119R mutation site brings
better substrate selectivity to PPGMK. Further, H92K has little effect on the Km value
of the enzyme. The E119R mutation site demonstrated better substrate affinity for man-
nose, which was also reflected in the H92K/E119R. The Kcat/Km value of H92K/E119R
increased to 51.5 s−1·mM−1, which was much higher than that of the WT, indicating that
the H92K/E119R mutant has higher catalytic efficiency.

Table 1. Km, Vmax, and Kcat/Km of WT and mutants on mannose.

Mutants Km/mM Vmax/µmol·min−1·mg−1 Kcat/Km/s−1·mM−1

WT 152.5 5.11 × 103 8.2
H92K 140.3 4.55 × 103 7.9
E119R 24.5 2.72 × 103 27.0

H92K/E119R 13.6 2.86 × 103 51.5

2.5. Structural Analysis of Mutants

To further study the thermodynamic stability before and after the mutation, we used
MD to perform 100 ns for wild-type and mutants at 300 K. The MD results are presented
in the form of a heatmap in Figure 7, and the values represent the difference values
between WT and H92K/E119R. Positive values (red) indicate that the WT has a higher
RMSD/RMSF value than H92K/E119R, and negative values (blue) indicate that the WT
has a lower RMSD/RMSF value than H92K/E119R.
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According to the heatmap of the RMSF difference values of WT and H92K/E119R at
300 K shown in Figure 7, we can find that, at the mutation site H92K and its surrounding
regions, the RMSF value of H92K/E119R was decreased compared with the WT. This shows
that the H92K mutation makes the amino acids around H92 more stable, although the
improvement in stability is not limited to the H92 single site. Instead, it causes a chain
reaction and also improves the stability of nearby amino acids. The decrease in the RMSF
of amino acids near the mutation site can also indicate an increase in thermal stability near
this position [30]. However, the RMSF of E119R was not significantly reduced, but as a key
mutation site, it also slightly improved the stability of nearby amino acids.

The mean RMSD of WT and H92K/E119R at 300 K are 2.59 Å, and 1.76 Å. The mean
RMSD after the mutation was reduced by 32%, and as the simulation progressed, the RMSD
of the WT rose sharply, whereby it was observed that the RMSD increase of H92K/E119R
was much smaller than the WT. This is a strong indication that the thermal stability is
improved by the mutation of WT into H92K/E119R.

Running MD at a high temperature, even if using an unreasonable temperature such
as 500 K or 600 K [19,31] will only accelerate the unfolding speed of the protein without
changing the unfolding path of the protein [32]. To observe the conformational changes
of WT and H92K/E119R proteins more intuitively, MD was run at 300 K and 360 K, we
superimposed the protein conformations, and compared the results. This result is shown in
Figure 8, where the three-dimensional conformation of WT protein at 360 K has a relatively
large change compared with that at 300 K. The RMSD is 3.5140 Å, the loop area changes
greatly, and the α-helix and β-sheet parts of the structure collapse seriously. This shows that
WT is more sensitive to temperature increases, and its stability is slightly worse. However,
we found that the three-dimensional protein conformation of mutant H92K/E119R at 360 K
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has little change compared with that at 300 K, and the RMSD is 2.5736 Å. The α-helix and
β-sheet area basically overlap, and only the loop area shows some changes. Before this,
the protein structure of PPGMK had been analyzed and the secondary structure had been
named [33]. We compared each α-helix and β-sheet after MD and found that the RMSD
of the two α-helices H6 and H7 of H92K/E119R decreased by more than 50% compared
with WT. This indicates that the stability of the two helices improved after mutation. It
can be observed that the spatial distance between the two helices and the mutation site
is relatively far, which may be due to the mutation affecting the entire protein backbone,
resulting in effects on more distant area, whereby a similar situation had also occurred
in the directed evolution of cellulases [21]. After running MD at 360 K and 300 K, the
RMSD of H92K/E119R was recorded at only 73% of that of the WT. The protein structure
of H92K/E119R has a higher degree of coincidence with 300 K after simulation at 360 K
than the WT, which further indicates that the thermal stability of H92K/E119R is improved
after mutation.
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According to the schematic diagram of the protein binding mode shown in Figure 9, it
can be seen in H92K/E119R, His-92 changes to Lys-92, which can form a hydrogen bond
interaction with Gln-87. Moreover, the hydrogen bond distance is short, with the hydrogen
bond length being 3.0 Å, which is less than the 3.5 Å of the traditional hydrogen bond.
The shortening of the hydrogen bond distance enhances the bond energy and makes the
hydrogen bond more stable. In addition, the carbonyl oxygen of Gln-87 is close to the
nitrogen atom of Lys-92, which can form a salt bridge that plays an important role in
stabilizing the protein conformation of this part. This may be an important reason for the
increase in protein stability. Before the mutation, Glu-119 can form a hydrogen bond with
Gln-262, and after the mutation, Arg-119 and Glu-258 form a hydrogen bond interaction,
and the hydrogen bond distance is basically the same so that this part of the formation
can still remain stable. In addition, after further analysis of the mutation of Glu-119 to
Arg-119, we found that the guanidine group of Arg-119 can form a salt bridge with the
carboxyl group of Glu-258 after the mutation. This salt bridge can firmly fix the α-helix
and β-sheet. This is of great significance for stabilizing the conformation of the protein [34],
and therefore is a key mutation that improves the thermal stability of H92K/E119R.

The combined mutant H92K/E119R is more stable than the H92L/A138V and E119V
mutants before the saturation mutation. Leu-92, Val-119, and Val-138 before the saturation
mutation are all mutated into aliphatic amino acids, which stabilize the protein by enhanc-
ing the hydrophobic force conformation, with no chemical bond changes. After saturation
mutation, the thermal stability of the mutant has been significantly improved, which shows
that the shortening of the hydrogen bond distance and the formation of salt bridges have
significance in improving the stability of the protein conformation. Random mutations
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only screen out sites that have a greater contribution to stability, but this position is not
necessarily the optimal amino acid.
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3. Discussion

In this study, we heterologously expressed PPGMK in E. coli. To improve the thermal
stability, an error-prone PCR method was used to construct a random mutation library,
where seven amino acid sites were effectively screened from the library. We selected three
sites with a significant impact on thermal stability for site-directed saturation mutations.
The optimal amino acids at each site were screened out and combined to obtain the optimal
mutant H92K/E119R. The half-life of H92K/E119R is 5.4 times than the WT, the optimum
temperature is increased by 5 ◦C, and Kcat/Km is increased to 51.5 s−1·mM−1. In addition,
the catalytic efficiency is greatly improved, and the enzyme activity is increased to two
times that of the WT. MD simulations demonstrate that Lys-92 can form hydrogen bonds
with Gln-87 at a shorter distance, where the guanidine group of Arg-119 can form a salt
bridge with the carboxyl group of Glu-258 to firmly fix the α-helix and β-sheet. The above
data indicate that the mutant H92K/E119R is more suitable for the industrial production
of M6P.

When compared with irrational design, the semi-rational design of enzymes allows
for a smaller library capacity, smaller screening amounts, and stronger logic. However, the
semi-rational design of directed evolution thermal stability is based on the reduction of the
B-factor, that is, the reduction of the RMSF value, to determine the amino acid hot spots
related to thermal stability, which may not encompass all hot spots. In this experiment, the
RMSF at the H92 position was reduced in the H92K/E119R mutant when compared to the
WT, but the most critical site of E119 did not show a significant decrease in RMSF. That is
to say, the key site E119 could not be found through B-factor screening, and the irrational
design simulating natural evolution allowed us to find the E119 site.

At the same time, the irrational design also results in certain shortcomings. About
the E70V/E119K mutant initially screened in this experiment, although the most critical
site E119 had appeared, it did not show improved thermal stability. This shows that
the mutation at the E70 site is not advantageous. Its existence masks the advantageous
mutation E119. Moreover, although the mutation E119K has been confirmed as a forward
mutation in the rescreening, the effect is not as good as that of E119R. However, rational
design is also incomplete.

In conclusion, the combination of irrational design with semi-rational design is un-
doubtedly a more efficient and precise method for inducing the directed evolution of
enzymes with thermostability.
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4. Materials and Methods
4.1. Strains, Plasmid and Reagents

Escherichia coli Top10 (used to preserve plasmids) and E. coli BL21 (DE3) (used to
express the recombinant vector) were purchased from Tiangen Ltd. (Beijing, China). Strains
containing the recombinant expression vector pET28a(+) - PPGMK were deposited by our
laboratory [8]. Error-prone PCR was performed using the QuickMutation Gene Random
Mutation Kit from Beyotime (Shanghai, China). The saturated site-directed mutation was
performed using the Mut Express II Fast Mutagenesis Kit V2 kit. Glucose-6-phosphate dehy-
drogenase (G6PD), mannose-6-phosphate isomerase (MPI), glucose-6-phosphate isomerase
(GPI), GOX, and HRP were purchased from Sigma (Shanghai, China), while 2,2’-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were purchased from Shanghai yuan ye
Bio-Technology Co. Ltd. (Shanghai, China).

4.2. Construction of Error-Prone PCR Mutant Library

Extract the plasmid from E. coli TOP10, and perform error-prone PCR with the Quick-
Mutation TM Gene Random Mutation Kit. The error-prone PCR system was designed with
a low mutation rate (0–4.5 bp/kb), whereby the greater the template addition, the lower the
mutation rate. Primers used for the error-prone PCR and saturated site-directed mutation
are shown in Table 2. Error-prone PCR was performed using primers T7 and T7-Term. PCR
was performed for 30 cycles consisting of 3 min at 94 ◦C, 30 s at 94 ◦C, 30 s at 55 ◦C, 1 min
at 72 ◦C, and 10 min at 72 ◦C.

Table 2. PCR primers used for error-prone PCR and saturated site-directed mutation.

Primer Oligonucleotide Sequence

T7 5′-TAATACGACTCACTATAGGG-3′

T7-Term 5′-GCTAGTTATTGCTCAGCGG-3′

H92-F 5′-CAGCATGGTGTAGTTNNKTCTGCAGCTAACGTTGACAAGAGCTGGC-3′

H92-R 5′-CGTTAGCTGCAGAMNNAACTACACCATGCTGGATGATGCCTGGGAA-3′

E119-F 5′-TCGTCCAGTTNNKGTCATCAACGACGCTGATGCAGCTGGTCT-3′

E119-R 5′-TCGTTGATGACMNNAACTGGACGACCCAGACGTGCAGTCAGC-3′

A138-F 5′-ATGGTGCAGGTNNKGGTGTCAAAGGTACTGTACTGGTCATCAC-3′

A138-R 5′-CCTTTGACACCMNNACCTGCACCATAACGAGCTTCAGCCAGACC-3′

E92K-F 5′-GTAGTTAAGTCTGCAGCTAACGTTGACA-3′

E92K-R 5′-TGCAGACTTAACTACACCATGCTGGATG-3′

E119R-F 5′-CCAGTTCGTGTCATCAACGACGCTGATG-3′

E119R-R 5′-GATGACACGAACTGGACGACCCAGACGT-3′

A138R-F 5′-GCAGGTCGGGGTGTCAAAGGTACTGTAC-3′

A138R-R 5′-GACACCCCGACCTGCACCATAACGAGC-3′

After the error-prone PCR products were purified, whole plasmid amplification was
performed with the Q5 thermo-initiate high-fidelity enzyme. Genes for PPGMK pur-
poses were used as primers. Plasmid pET28a(+) - PPGMK was the template. Error-prone
PCR products and large primer PCR products were separately verified by agarose gel
electrophoresis. After successful validation, the amplification products were chemically
transformed into E. coli TOP10, and after amplification and culturing, the plasmid was
extracted and transferred into E. coli BL21 (DE3), then applied on an LB solid medium
with 50 µg/mL Kana for overnight cultivation, where after the mutation rate of the mutant
libraries was verified by sequencing.

4.3. Construction of Saturated Site-Directed Mutation Library and Combination of the
Mutant Sites

We screened out sites that have an impact on thermal stability through error-prone
PCR and used Mut Express II Fast Mutagenesis Kit V2 to perform site-directed saturation
mutations at these sites. Then we explored whether there were more suitable amino acid
mutations. The primers used were H92-F, H92-R, E119-F, E119-R, A138-F, and A138-R. PCR
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was performed for 30 cycles consisting of 30 s at 95 ◦C, 15 s at 95 ◦C, 15 s at 62 ◦C, 5 min at
72 ◦C, and 5 min at 72 ◦C.

Then, we removed the template with the Dpn I of PCR products and completed
the in vitro circularization of linear DNA, which was performed using Exnase II. Mutant
libraries were constructed in the same method as 4.2, followed by plasmid extraction
and sequencing verification, which determined whether overlapping peaks occur at the
mutation site.

We then combined the optimal mutations at each site in pairs. This method is the
same as the site-directed saturation mutation of 4.3. The single mutation plasmid in the
combination was used as a template. The primers used were E92K-F, E92K-R, E119R-F,
E119R-R, A138R-F, and A138R-R, and the combined results were accordingly verified
by sequencing.

4.4. High-Throughput Screening

We used the Kbiosystems-K6 Picker to inoculate single colonies into 96 deep well
plates. The A1 wells were used as a wild-type control, and each well contained 600 µL of LB
medium with kanamycin resistance, incubated at 37 ◦C for 10 h. Then, the 12 µL first seed
was moved into secondary 96 deep well plates using a high-throughput pipette station, and
600 µL 50% of glycerol was added to the first seeds, then stored at −20 ◦C. Secondary seeds
were incubated at 37 ◦C for 4 h to OD600nm, reaching 0.6–0.8. An LB medium containing
IPTG (the final concentration was 100 µg/mL) was added and incubated at 25 ◦C for 12 h.
Following, the precipitation was collected by centrifugation, the precipitation was mixed
with 100 µL 0.1 M Tris-HCl (pH 8.5). Lastly, all cells were frozen and melted at −80 ◦C for
three times, after which the plate was centrifuged and the supernatant, a crude enzyme,
was collected.

A sensitive color-rendering reaction was used for a high-throughput screen, and the
schematic diagram is shown in Figure 10. Glucose can be oxidized to glucose acid and
hydrogen peroxide by Gox. Adding a HRP reaction generates free radicals. ABTS appears
blue in the presence of free radicals, and it has a linear absorbance with a concentration of
415 nm. GOX competes for all glucose in an extremely short time to terminate the reaction.
This method enables the sensitive and rapid detection of the remaining glucose content in
the reaction system.
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Figure 10. Schematic diagram of the color reaction system used in high-throughput screening. Using
this method to test A415nm can quickly detect the remaining concentration of glucose in the system,
which can reflect the level of catalytic efficiency of each mutant.

A high-throughput pipette station was used to filter mutants. The reaction system was
defined as follows: 30 mM glucose, 30 mM (NaPO3)6, and 10 mM MgCl2. The detection
system was: GOX 80 µg/mL, HRP 20 µg/mL, ABTS 7 mg/mL. Next, we added 100 µL
substrate systems to a 96-well plate, then added 5 µL crude enzyme to the 45 ◦C prewarmed
substrate system, observed the 45 ◦C reaction for 2.5 min, and then added the detection
system to terminate the reaction, where after we measured the absorbance with a microplate
reader. Controls with lower absorbance than the wild-type were screened in each plate,
test-tube cultured and sequenced, and unmutated and synonymous mutants were then
finally removed. About 3000 mutants were screened using this method.

The next step was to expand the advantageous mutants, inoculate them from the
glycerol tube into 4 mL LB medium (0.1% Kana), culture them at 37 ◦C for 8 h, and then
inoculate 1% of the inoculum into 50 mL LB medium (0.1% Kana), and culture to OD600nm of



Catalysts 2022, 12, 1112 12 of 14

0.6−0.8, add 100 µg/mL IPTG to induce PPGMK expression for 12 h, centrifuge at 8000 rpm
to collect bacteria, suspend with 0.1 M Tris-HCl buffer pH 8.5, and ultrasonically disrupt
cells to obtain the crude enzyme. The enzyme was purified by affinity chromatography,
and the protein concentration was determined by the Coomassie brilliant blue method
and verified by SDS-PAGE protein electrophoresis. The enzyme was diluted to the same
concentration and rescreened to obtain the advantageous mutant.

4.5. Enzyme Activity Determination

The recombinant vector contained the histidine tag, utilizing the affinity of the histidine
tag to nickel ions. The enzyme could use a nickel column for purification, with the purified
enzyme being used for enzyme activity assays and kinetic analysis. Buffers containing
different concentrations of imidazole (10 mM, 30 mM and 300 mM) were prepared and used
as lysis buffer, wash buffer and elution buffer. Use a buffer gradient to remove impurities,
and then eluted PPGMK with elution buffer. Replace the buffer with Tris-HCl with a 10kDa
ultrafiltration tube. Finally we got pure enzyme. Enzymatic activity assays were performed
using two methods. The first was the NADPH method: a 1 mL reaction system was used,
including 10 g/L mannose, 10 g/L (NaPO3)6, 10 mM MgCl2, reaction at 30 ◦C for 10 min,
100 ◦C boiling water treatment for 3 min to inactivate the enzyme. Add 50 mM NADPNa2,
1 U G6PD, 1 U GPI, and 1 U MPI, and then measure the absorption value of NADPHNa4 at
340 nm. The concentration of NADPHNa4 is calibrated by measuring the standard curve of
NADPHNa4 and related absorbance. The content of mannose-6-phosphate is determined
by the concentration of NADPHNa4.

The second method was the HPLC method: The columns were constructed using the
American Bole Organic Acid Column Aminex (Hercules, CA, USA) HPX-87H. The flow
phase was 5 mM of dilute sulfuric acid, the flow rate was 0.6 mL/min, and the column
temperature was 65 ◦C. The signal was detected with a differential detector, the detection
temperature was 40 ◦C. Mannose peaks at around 9 min. Enzyme activity can only be
determined by the detection of substrate reduction.

4.6. Enzymatic Properties

We accordingly tested the optimum temperature of wild-type and mutant types at
25–70 ◦C and set a temperature gradient every 5 ◦C. At optimum temperature and pH,
we measured the reaction rate of wild-type and mutant strains with 10–100 mM mannose
substrate, and set a concentration gradient every 10 mM. The Km and Vmax values were
calculated using the Lineweaver–Burk method.

The thermal stability of the enzyme was evaluated, because (NaPO3)6 is a protein
stabilizer and is often added to food as a food additive, it has a certain protective effect
against the enzyme. Therefore, adding the enzyme to (NaPO3)6 for heat treatment instead
of Tris-HCl can better reflect the thermal inactivation process of the enzyme in the substrate
system. The wild-type and mutant-type were heat-treated in sodium hexametaphosphate
for 10 and 240 min, respectively, cooled on ice, added to a substrate of mannose, and reacted
at 30 ◦C for 10 min, the enzyme was treated in boiling water at 100 ◦C for 3 min to inactivate
the enzyme, and then the enzyme activity was measured.

4.7. Structural Analysis

The WT (PDB number: 1WOQ) and its mutant, H92K/E119R, were analyzed using
GROMACS 5.1.2. In addition, the 100 ns kinetic simulations were performed at 300 K
and 360 K, respectively. Further, the conformation of the last frame at the end of the MD
simulation was outputted and we performed a structural superimposed analysis.

5. Conclusion

This work improved the thermal stability of PPGMK through directed evolution,
solved the problem of easy inactivation of PPGMK during the catalytic production of M6P.



Catalysts 2022, 12, 1112 13 of 14

At the same time we improved the enzyme activity of PPGMK, reduces the production cost
of M6P, and promotes the process of large-scale and low-cost M6P production.
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