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The modularity of carbohydrate-active enzymes facilitates that enzymes with different functions have similar
fragments. However, because of the complex structure of the enzyme active sites and the epistatic effects of vari-
ous mutations on enzyme activity, it is difficult to design enzymes with multiple mutation sites using conventional

glycoprotteinl . methods. In this study, we designed multi-point mutants by fragment replacement in the donor-acceptor binding
ragment r« ment . . . . . .
G’?fl ent repraceme pocket of Actinobacillus pleuropneumoniae N-glycosyltransferase (ApNGT) to obtain novel properties. Candidate

fragments were selected from a customized glycosyltransferase database. The stability and substrate-binding
energy of the three fragment replacement mutants were calculated in comparison with wild-type ApNGT, and
mutants with top-ranking stability and middle-ranking substrate-binding energy were chosen for priority experi-
mental verification. We found that a mutant called F13, which increased the glycosylation efficiency of the natural
substrate by 1.44 times, the relative conversion of UDP-galactose by 14.2 times, and the relative conversion of
UDP-xylose from almost O to 78.6%. Most importantly, F13 mutant acquired an entirely new property, the ability
to utilize UDP-glucuronic acid. On one hand, this work shows that replacing similar fragments in the donor-
acceptor binding pocket of the enzyme might provide new ideas for designing mutants with new properties; on

the other hand, F13 mutant is expected to play an important role in targeted drug delivery.

1. Introduction

Glycosylation reactions are critical for many biological processes.
For example, protein glycosylation affects protein degradation. Heav-
ily glycosylated proteins can be challenging for proteases to cleave
because of charge alterations and steric hindrance caused by glycans
[1,2]. Glycosylation also affects protein function. For example, the N-
glycosylation status of the Ig-Fc region significantly affects the half-life
and effector function of an antibody [3]. Glycosyltransferases are the
primary enzymes involved in protein glycosylation.

Carbohydrate-active enzymes catalyze the synthesis, degradation,
and modification of carbohydrates and their derivatives, such as bac-
terial exopolysaccharides, starch, cellulose, and lignin, as well as the
glycosylation of proteins and lipids [4]. Glycosyltransferases have 116
families that catalyze many different reactions. Since the substrate
adaptability of a particular glycosyltransferase is typically limited, it

is necessary to find a new method to expand substrate adaptability and
broaden the use of glycosyltransferases.

In the past few years, significant progress has been made in enzyme
engineering using sequence- or structure-guided rational approaches
[5,6]. For example, by utilizing multiple sequence alignment and struc-
tural analysis, researchers can gain valuable insights into the key
residues located in the active sites of glycosyltransferases, which can
be leveraged to enhance substrate recognition [7,8]. However, the com-
plex structure of the enzyme active sites and the epistatic effect of mu-
tation sites on enzyme activity make it difficult for researchers to de-
sign enzymes with multiple mutation sites using classical rational meth-
ods [9,10]. The epistatic effect is unavoidable when combining different
single-point mutations. When different single-point mutations are com-
bined and exist in a mutant, their effect on protein characteristics is not
always additive. Such mutational effects that are not additive suggest
that an epistatic effect is at work.

Abbreviations: ApNGT, Actinobacillus pleuropneumoniae N-glycosyltransferase; GT41, glycosyltransferase family 41; LB, Luria-Bertani; PDB, Protein Data Bank;
RP-HPLC, reversed-phase high-performance liquid chromatography; TLC, thin layer chromatography; UDP-Gal, UDP-galactose; UDP-GlcNAc, UDP-N-acetyl-D-
glucosamine; UDP-Glc, UDP-glucose; UDP-Man, UDP-mannose; UDP-Xyl, UDP-xylose; UDP-GlcA, UDP-glucuronic acid.
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Previously, a multi-point mutation design method was developed
based on phylogenetic analysis and Rosetta energy calculations [11-
14]. First, multiple sequence alignments based on retained homologs
and selected mutation sites with moderate frequency in nature. Second,
using the Rosetta atomic model, mutation sites that could severely dam-
age protein stability were identified and removed. Third, all mutants
with 3-5 mutation sites were sorted by protein energy, and mutants
with lower energy were selected for experimental verification. How-
ever, this method also had some limitations. The amino acids near the
active center were conserved, which limited the sequence space of the
mutants, therefore rendering creation of mutants with new functional-
ity challenging. Compared with other methods, especially de novo pro-
tein design, our method had an improved success rate. This is bene-
ficial for glycosyltransferases, which are difficult to screen with high
throughput. The modularity of carbohydrate-active enzymes facilitates
that enzymes with different functions have similar fragments [4]. This
study focused on Actinobacillus pleuropneumoniae N-glycosyltransferase
(ApNGT), an N-p-glucosyltransferases (EC:2.4.1.-) that belongs to the
glycosyltransferase family 41 (GT41). Using UDP-glucose (UDP-Glc, op-
timal substrate), UDP-galactose (UDP-Gal), and UDP-xylose (UDP-Xyl)
as sugar donors, wild-type ApNGT could glycosylate the acceptor pep-
tide including the N-X-S/T (X#Pro) sequence [15-18]. Moreover, Ap-
NGT has shown potential for application in glycoengineering [19-21].

We used fragments from other glycosyltransferases to replace sec-
tions close to the donor-acceptor binding pocket of ApNGT. Combina-
torial mutants with multiple fragment mutations were constructed. To
select suitable fragments, we evaluated candidate fragments based on
their charge properties, similarity, and number of mutated amino acid
residues. Furthermore, we ensured that the candidate fragments did not
involve direct changes to active-site residues. The stability of all com-
bined mutants was calculated using the Rosetta atomic model, and the
top-ranking mutants were selected for experimental verification.

In conclusion, we constructed a glycosyltransferase mutant (F13),
which was more efficient than wild-type ApNGT in producing glycosy-
lated proteins. The F13 mutant displayed enhanced catalytic efficiency,
a broader peptide substrate utilization spectrum, and the ability to uti-
lize the sugar donor UDP-GIcA, which was unavailable to wild-type Ap-
NGT.

2. Materials and methods
2.1. Materials

ApNGT (provided in the Supplementary Materials) was synthesized
by GenScript Co., Ltd. Competent cells of Escherichia coli DH5« and Es-
cherichia coli BL21 (DE3) were purchased from Sangon Biotech (Shang-
hai) Co., Ltd. The multi-point mutation kit was purchased from Vazyme
Biotech Co., Ltd. UDP-N-acetyl-D-glucosamine (UDP-GlcNAc), UDP-Glc,
and UDP-GIcA were purchased from Sigma-Aldrich Co., Ltd. UDP-Gal
was purchased from Macklin Co., Ltd. UDP-mannose (UDP-Man) and
UDP-Xyl were purchased from Shanghai Yuanye Biotechnology Co., Ltd.
The designed substrate peptide was synthesized by GenScript Co., Ltd.

2.2. Computational design of mutants

Mutants were created using a method called “fragment replace-
ment”. To screen for mutants with superior characteristics, this method
replaced fragments in the wild-type protein and calculated character-
istics of the mutants. A Python script (provided in the Supplementary
Materials) was used to design the mutants. The following paragraph (il-
lustrated in Fig. 1) explains the main logic of the Python script.

First, the structures of several glycosyltransferases were randomly
selected from the Protein Data Bank (PDB) database. These structures
were split into fragments for replacement during the subsequent pro-
cessing. For example, to replace a tripeptide fragment, the downloaded
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glycosyltransferase can be randomly split into tripeptide fragments of
the same size. The fragments obtained after splitting constituted the se-
quence space.

Next, seven loop regions (Figure S1; Table S3) near the donor-
acceptor binding pocket in ApNGT (PDB ID: 3Q3E) were selected. Frag-
ment replacement involved replacing some of these loop regions with
amino acid fragments of equal length. Subsequently, according to the
pre-selected loop regions and several glycosyltransferases, it could be
determined which fragments of equal length in each loop region could
be replaced. Collection of these fragments can be regarded as an in-
complete sequence space. Compared to the space that can be sampled
by saturation mutation, the sequence space based on preselected gly-
cosyltransferases can reduce the number of samples while ensuring a
reasonable exploration space. However, an incomplete sequence space
contains many fragments and direct experimental verification is not fea-
sible. Therefore, five filters were designed for different indicators to re-
duce the size of the sequence space. Although the filters were indepen-
dent of each other and did not interfere with each other when perform-
ing the filtering functions, the time required by different filters to filter
the unit sequences was different. Therefore, for more time-consuming
filters, it was preferable to run the filters last.

The first filter was based on the length of each loop region. Two sit-
uations were needed to be considered. When the loop region contained
five or fewer amino acid residues, it was important to keep at least two
amino acid residues unchanged. Alternatively, there must be at least
three unchanged amino acid residues in the loop regions longer than
five amino acid residues.

The second filter was designed to ensure that important amino acid
residues remained unaltered during the replacement process. The cri-
teria used to identify important amino acid residues were as follows:
1) Prior evidence from relevant literature suggesting the importance or
impact of the mutation on the expression or catalysis of the enzyme
(loss of expression or catalytic ability); 2) Those amino acid residues
that were in close proximity to the substrate consistently in the dock-
ing experiments. The AutoDock docking software was used for docking
experiments.

The third filter pertained to the change in the charge carried by the
loop region. The isoelectric point of an amino acid residue was used to
assess the charge change in the fragment in the same pH environment.

The fourth filter was based on fragment sequence similarity. The
commonly used BLOSUMG62 (used by BLAST as the default scoring ma-
trix) did not appropriately characterize the variation of fragments in
sequence space because of the conserved number of amino acids set
in the first filter; therefore, BLOSUMA45 was used to calculate extent of
similarity in the fragments before and after mutation. S}} implied the
similarity of the mutated fragment to the wild-type fragment. S% was

the loop region with the highest similarity. Therefore, ;—{‘? less than 50%

of the segments were discarded.

The fifth filter, the most time-consuming step, was to calculate the
difference in Gibbs’ free energy caused by the mutation (AAG, the mu-
tant’s energy minus the wild-type’s energy). PyRosetta [22] was used to
determine the energy change required for the filter. In this filter config-
uration, we took into consideration that all fragment substitutions with
AAG more than 0 were unstable and might have a negative impact on
the structure of the enzyme. We only retained the fragment where the
AAG was negative. Finally, filtering of the sequence space was com-
pleted. However, some loop regions had an empty sequence space after
the previous filtering.

The construction of mutants with single-fragment substitutions was
not the ultimate goal. A mutant with three replaced fragments was con-
structed using the following steps and was ultimately employed to mea-
sure the relative conversion rate. During this step, mutant filtering re-
sembled that of the fifth filter mentioned earlier, with some differences.
In the fifth filter as a compromise between accuracy and speed, the re-
laxed conformation of the mutant was not considered for calculating the
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Fig. 1. The main logic of the mutant construction and verification. (A) A mutant library constructed by fragment replacement method. Mutants with lower AAG
values were selected for experimental verification. (B) Several different types of mutants selected through K-means clustering, and one of each type is selected for final
experimental verification. (C) High performance liquid chromatography and mass spectrometry to detect the reactions catalyzed by the mutants, and to determine

their catalytic efficiency.

AAG; therefore it was a rough calculation. However, in the current step,
as the number of mutants was greatly reduced, the time taken to ensure
the accuracy while retaining the speed was acceptable. Therefore, an
overall relaxation of the mutant structure was performed before calcu-
lating the AAG using PyRosetta.

The verification of every mutant generated by computer design is
challenging. Therefore, to select representative mutants for verification,
we used a k-means clustering method to divide the existing mutants into
several categories according to their similarity difference and AAG. We
first chose the mutant for each category with the maximum similar-
ity difference. Next, we chose mutants with higher AAG in case the
similarity difference was identical. The representative mutants of each
category, selected according to the above strategy, were used for verifi-
cation.

2.3. Construction of mutation vectors

Mutagenic primers were designed according to the instructions of
the vazyme multi-point mutation Kit (Order NO. C215), and the online
primer design program CE Design (https://crm.vazyme.com/cetool/en-
us/simple.html). The formula of Luria-Bertani (LB) liquid medium is 1
L water, 5 g yeast extract purchased from Oxoid Ltd, 10 g tryptone pur-
chased from Oxoid Ltd, 10g NaCl purchased from Sigma-Aldrich LLC.
1.5 g of agar powder purchased from Solarbio is required to make LB
solid medium. The DH5«-pET45b-ApNGT strain was cultivated in LB
liquid medium containing 0.1 mg/mL ampicillin in an air bath shaker
at 170 rpm, 37°C for 12 h, and the plasmid was isolated and used as
template. Primers (provided in the Supplementary Materials) were used

to amplify fragments carrying mutations and agarose gel electrophoresis
was performed to confirm the correct size of the amplified fragments.
Dpn I was used to digest methylated template plasmid. Subsequently,
the recombination of the mutated fragments was carried out with Ex-
nase as per the manufacturer’s protocol, and the recombinant plasmid
was used to transform DH5a competent cells. The transformed cells were
spread on a solid LB plate containing 0.1 mg/mL ampicillin and incu-
bate at 37°C for 16 h. After selecting the bacterial clones on the plate
and sequencing them to confirm the correct mutation, the bacteria were
amplified and cultured, and the plasmid was extracted and transferred
to BL21 (DE3) cells for expression.

2.4. Purification of NGTs

BL21 (DE3) cells carrying wild-type ApNGT or its mutants were in-
oculated into 1 L LB liquid medium containing 0.1 mg/mL ampicillin.
The bacteria were grown at 37°C, 200 rpm until the ODg, reached 0.6,
and the incubation continued at 16°C for 20 h. The cells were collected
by centrifugation and resuspended in 50 mL PBS. The cells were ul-
trasonically disrupted in ice water to release the protein, followed by
centrifugation at 17,420 g for 20 min to separate the precipitate and
remove the supernatant to purify wild-type ApNGT and its mutant using
a Ni column. The Ni column was equilibrated with five volumes of PBS
solution (pH 7.2) in advance and eluted successively with 25, 50, 250,
and 500 mM imidazole and 250 mM imidazole eluate was collected. The
Ni columns were then preserved in 20% ethanol. Ultrafiltration was per-
formed at 3,520 g for 30 min at 4°C with 10 kDa ultrafiltration tubes for
6 times to remove imidazole. The final ultrafiltration step retained 1 mL


https://crm.vazyme.com/cetool/en-us/simple.html

J. Yang, K. Li, Y. Rong et al.

of liquid. The protein concentration was determined using a Modified
BCA Protein Assay Kit (Order No. C503051; Sangon Biotech [Shanghai]
Co. Ltd.).

2.5. NGTs activity identification

The 20 uL reaction system (0.5 pug/uL NGT, 10 mM PBS pH 7.2, 10
mM sugar nucleotide, 0.5 mM substrate peptide) was constructed and
incubated at 37°C for 1 h or 12 h. The reaction solution was incubated at
95°C for 5 min after reaction, and then centrifuged at 9,657 g for 10 min.
0.4 uL of the supernatant was used for thin layer chromatography (TLC)
detection. The TLC separation solvent used was butanol: acetic acid:
water = 2:1:1. After 40-60 min of chromatography, the thin plate was
removed, dried with a hair dryer in a fume hood, and placed under an
excitation light for observation. The supernatant was desalinated using
a ZipTip C18 microchromatography column and diluted 100 times with
a 0.1% formic acid solution for mass spectrometry.

2.6. Determination of optimum temperature and pH

Using UDP-Glc as donor substrate in PBS buffer (pH 7.2), the gly-
cosyltransferase activity was measured at different temperatures from
16°C to 60°C for 5 min. The reaction mixtures contained 1 mg/mL wild-
type enzyme (or 0.05 mg/mL of the F13 mutant), 10 mM PBS buffer (pH
7.2), 0.1 mM TRAMA-DANYTK, and 0.2 mM UDP-Glc.

Using UDP-Glc as donor substrate at 37°C, the glycosyltransferase
activity was measured in buffer systems with pH ranging from 5.0 to
10.0 for 6 min and 30 s. The reaction mixtures contained 0.5 mg/mL
of the wild-type enzyme (or 0.025 mg/mL of the F13 mutant), 25 mM
buffer, 0.05 mM TRAMA-DANYTK, and 0.1 mM UDP-Glc. MES buffer
was used for pH 5.0, 6.0, and 7.0 in the reaction mixtures. Whereas,
Tris buffer was used for reaction mixtures of pH 8.0, 9.0, and 10.0.

The analysis was performed as described above, and all reactions
were performed in triplicate. The products were identified and quan-
tified using reversed-phase high-performance liquid chromatography
(RP-HPLQ).

2.7. Determination of kinetic constants

The production of glycosylated peptides was quantified by monitor-
ing the relative conversion of the reaction system by measuring the ab-
sorbance of a UV detector (220 nm) of RP-HPLC. The relative conver-
sion of enzymes was measured in 10 xL reaction mixtures containing 1
mg/mL enzyme, 10 mM PBS buffer (pH 7.2), 0.1 mM TRAMA-DANYTK,
and different concentrations of UDP-Glc (0.1-5 mM) at 37°C. The rela-
tive conversion rate of the wild-type enzyme was obtained by reaction
for 15 min, incubation at 95°C for 5 min to inactivate the enzyme, and
centrifugation at 9,657 g for 10 min. The supernatant was diluted 20
times, and the relative conversion rate was determined using RP-HPLC.
The relative conversion rate of F13 mutant was also measured using a
similar procedure, except that F13 mutant reaction time was 5 min and
the reaction mixtures contained 0.05 mg/mL enzyme. All enzymes were
assessed in three independent replicates. Values and standard errors for
the apparent affinity constant (K;,) and enzyme turnover (K.,) were
obtained by nonlinear least-squares fitting of the experimental measure-
ments to the Michaelis-Menten model using the GraphPad Prism 8.0.2
software.

3. Results
3.1. Design result of mutants

Seventy-eight glycosyltransferases were randomly selected from the
PDB database (Table S1). Glycosyltransferases were selected to construct

the fragment replacement library because there may be some shared
fragments among the glycosyltransferases, and the replacement of these
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Table 1
Kinetic parameters of wild-type ApNGT and F13 mutant with UDP-Glc as sub-
strate.

Enzyme K,, (mM) Ky (min~1) Ko /Ky (MM 'min~1)
WT 12.63 x 1072 5.008 x 1072 0.3965
F13 9.919 x 1072 1111 x 1072 112.0

Note: WT, wild-type

fragments may result in improved enzyme properties. However, among
the 78 glycosyltransferases, a special protein was annotated as a gly-
cosyltransferase in the PDB database, but was annotated as a glycoside
hydrolase in the functional annotation of Uniprot. This might be due to
the fact that the two seemingly different activities of glycosyl transfer
and glycoside hydrolysis could be interconverted in some cases [6].

The initial sequence space was constructed using the previously
downloaded 78 glycosyltransferases. To set the filters required for de-
signing the mutants, the following selections were made. The second
filter was set for the amino acids that were not allowed to change. How-
ever, the second filter may not be necessary in all loop regions. Ac-
cording to the literature [16,23], mutations in Tyr-222, Ala-276, Lys-
441, Tyr-501, Asn-521, Asp-525, and the presumed catalytic residue
His-277 cause the enzyme to become inactive. In addition, important
amino acids (Table S2) that very frequently interacted between the sub-
strate peptide and the enzyme were investigated using AutoDock. Fi-
nally, in combination with selected loop regions, Phe-273 was identi-
fied as an amino acid that could not be altered. A third filter was used
to ensure a benign change in charge near the mutation loop. Binding of
the substrate sugar nucleotide may be related to the positive charge of
the donor-acceptor binding pocket of ApNGT. Therefore, we removed
fragments with a negative overall charge from the sequence space.

The remaining sequence spaces for each loop region after five rounds
of filtering are listed in Table S3. Of the seven fragments selected, only
five fragments still had mutable fragments after filtering. This may be
related to the strict filter conditions that we set.

Fourteen mutants were constructed, and their corresponding muta-
tion sites are listed in Table S4. Despite our mutational strategy for frag-
ment replacement, the majority of replacements resulted in single-point
mutations. This result might be due to the fact that we selected short
fragments and set strict filtering conditions.

3.2. Determination of enzymatic properties

Except for the mutants that could not be expressed or purified, all
other mutants were identified by TLC. From the TLC results, the rela-
tive level between the enzyme activity of the mutant and wild-type en-
zymes could be roughly determined, and mutants with significantly bet-
ter enzyme activity were selected for quantitative verification. Through
preliminary experiments, we found that the activity of glucose glycosyl-
transferase was significantly increased in F13 mutant compared to that
of the wild-type; therefore, the F13 mutant was the focus of the study
for later experiments.

The effect of temperature on the activity of the F13 mutant was ob-
served from 16°C to 60°C (Fig. 2A). In this study, the optimum tempera-
ture of F13 mutant was about 40°C. F13 mutant had a similar preferred
temperature compared to wild-type ApNGT (37°C) [24,25]. The effect
of pH on the activity of F13 mutant was analyzed using different buffer
conditions (Fig. 2B). The optimum pH for F13 mutant was 8.0 in the
Tris buffer, similar to that of wild-type ApNGT.

We used UDP-Glc as a donor substrate to quantitatively analyze the
kinetic properties of wild-type and F13 mutant. RP-HPLC was used to
measure reaction velocities at a fixed sugar substrate concentration (Fig-
ure S2). The apparent K, and K_,; values are listed in Table 1. The K,
of wild-type ApNGT was 1.27 times that of F13 mutant, and there was
no significant difference. In contrast, the K., of the two differed by
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Fig. 2. Biochemical properties of the F13 mu-
tant. The relative conversion is calculated by
the peak area of the nude peptide and glycosy-
lated peptide. (A) The reaction at different tem-
peratures (16°C, 27°C, 37°C, 42°C, 50°C, and
60°C). (B) The reaction in buffers with varying
pH values (5.0, 6.0, 7.0, 8.0, 9.0, and 10.0).
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Table 2
Relative conversions of wild-type ApNGT and F13 mutant (donor: UDP-Glc).

Relative conversion (%)

Source Substrate peptide

ApNGT F13 mutant
HMW1 TAMRA-DANYTK 69.4 100
Dipeptidyl peptidase 1 CDTPANCTYLDLL 0 20.9
Hemopexin TAMRA-PAVGNCSSALR 100 100
Hemopexin TLDDNGTMLFFK 0 17.7

Note: After incubation at 37 °C for 12 h, the supernatant was centrifuged and
analyzed by mass spectrometry.

222 times. This indicates that mutations in F13 greatly changed the rate
of substrate dissociation, but the affinity of substrates for the enzymes
changed minimally.

3.3. Recognition of peptide acceptors by the F13 mutant

The relative conversion rates of mutant and wild-type ApNGT were
investigated using UDP-Glc as the donor. The reaction system was incu-
bated at 37 °C for 1 h. We tested the relative conversion of the mutants
and ApNGT to the natural peptide substrate DANYTK. F13 mutant exhib-
ited the highest conversion activity. The relative conversion of DANYTK
by the F13 mutant was higher than that of ApNGT (95.95% + 4.05% vs.
8.75% + 1.25%, respectively) (Fig. 3B).

We also determined that the F13 mutant was still an N-
glycosyltransferase using the higher-energy collisional dissociation
(HCD) fragmentation method (Fig. 3A). The b3, b4, and b5 fragments in-
creased the molecular weight of glucose, indicating that the F13 mutant
transferred glucose to asparagine.

The reaction system was incubated at 37 °C for 12 h. Four peptides
were tested as the substrates. For the Hemopexin fragment PAVGNC-
SSALR, wild-type ApNGT and F13 mutants showed a relative conversion
of 100% (Figure S3 and Table 2). For the other three peptides, the F13
mutant showed significantly improved relative conversion (Table 2).
The relative conversion of the natural substrate, DANYTK increased
from 69.4% of wild-type ApNGT to 100% (Table 2 and Figure S4).
For the dipeptidyl peptidase 1 fragment CDOTPANCTYLDLL, F13 showed
a relative conversion of 20.9%, and wild-type ApNGT did not show
any activity (Table 2 and Figure S5). For the hemopexin fragment
TLDDNGTMLFFK, the F13 mutant had a relative conversion of 17.7%.
The wild-type ApNGT showed no activity (Table 2 and Figure S6).

3.4. Recognition of sugar donors by F13 mutant

The reaction system was incubated at 37 °C for 12 h. Wild-type Ap-
NGT showed very low utilization of UDP-Gal and UDP-Xyl (Table 3,

6 8 10 12

pH

Table 3
Relative conversion of wild-type ApNGT and F13 mutant using various sugar
donors.

Relative conversion (%)

Sugar donor

ApNGT F13 mutant
UDP-Glc 69.4 100
UDP-Gal 6.25 88.9
UDP-Xyl <1 78.6
UDP-GlcA 0 13.8
UDP- GlcNAc 0 0

Figure S7 and S8); whereas, the F13 mutant showed high utilization.
Neither the F13 mutant nor wild-type ApNGT used UDP-GIcNAc as a
sugar donor. However, the F13 mutant used UDP-GlcA (Fig. 4) as a sugar
donor and showed a relative conversion of 13.8% of the DANYTK pep-
tide substrate.

3.5. Enlargement of the acceptor binding channel

The structure of the F13 mutant was predicted using AlphaFold2.
Song et al. proposed the hypothesis of an acceptor substrate-binding
channel [18]. A comparison of the structural differences between the
F13 mutant and wild-type revealed a significant change in one of the
four key amino acids in the binding channel (Fig. 5). This may lead to
an increased tolerance of the binding channel for substrate peptides.

Combining the data in Table 1, we can see that the substrate disso-
ciation rate of the mutant F13 was greatly increased, which was related
to a change in the amino acids in the binding channel. This binding
channel was also responsible for the dissociation of glycosylated pep-
tides after the reaction was completed. The dissociation rate changes
when the channel is enlarged. Therefore, it could be speculated that the
binding affinity of the mutant F13 to the receptor peptide would also
change significantly.

4. Discussion

Here, we present a method for constructing mutants by fragment
replacement. The traditional rational design scheme is based on key
amino acids involved in catalysis or interactions with substrates. Our
method focuses on replacing the loops containing key amino acids,
thereby providing a better environment for key amino acids to perform
their functions. This has allowed researchers to focus on specific amino
acid residues in certain regions. However, our method had some lim-
itations. We could not achieve a fully automated mutant design, and
manual intervention was needed to set the filtering conditions during
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Fig. 3. Mass spectrometric analysis performed by the HCD method (A), and RP-HPLC analysis (B). (A) b3, b4, and b5 fragments increase the molecular weight of
glucose, which prove that F13 mutant transfers glucose to asparagine. (B) Because the increased Glc makes the product more polar, the peak of the product appears
earlier in the RP-HPLC. After glycosylation, the polarity of the peptide increases and the retention time in RP-HPLC advances.

candidate fragment selection. Particularly, inputs from personnel with
a basic understanding of the enzyme donor-acceptor binding pocket (e.g.
for determining the charged nature of the catalytic substrate and loca-
tion of the donor-acceptor binding pocket, and for identifying reports
pertaining to effect of the mutation on inactivation of the enzyme) were
necessary. The quality of the final mutant design is affected by a set of
conditions.

Compared to protein design based on artificial intelligence [26,27],
rational design usually has a higher success rate. Rational design is un-
doubtedly a better choice for glycosyltransferases, which are difficult
to determine with high throughput. In this study, we screened 14 mu-
tants and found one with significantly improved catalytic efficiency.
However, in de novo protein design under the guidance of artificial
intelligence, hundreds of proteins must be screened to obtain the tar-
get protein. Another type of protein design scheme used was Rosetta
[12,13], which uses the same technology as PyRosetta in this study.
The difference between our method and these methods is that the se-
quence was treated differently before using PyRosetta to calculate the
energy. These methods use a position-specific scoring matrix to screen
sequences; whereas, we combined several carefully designed conditions
based on fragment replacement to screen sequences. Our method re-
quired only a database of 78 glycosyltransferases. Thus, the time spent
on the calculations was greatly reduced.

We applied this method to design ApNGT and successfully obtained
a mutant enzyme, F13, which exhibited significant advantages. The F13
mutant not only broadened the original substrate specificity but also ex-
hibited catalytic activity for previously unavailable GIlcA. Owing to its
negative charge, GlcA is an important sugar molecule that differs from
other sugar molecules. Previous studies have shown that GlcA can be
used to modify liposomes, such that the GlcA-modified liposomes are
highly selective for glucose transporter-1 in pulmonary arterial smooth
muscle cells, thereby enabling targeted delivery of drugs [28,29]. This
implied that GlcA-modified proteins may have similar targeting effects,
providing an important tool for protein-targeted drug delivery. Addi-
tionally, as an enzyme derived from bacteria, the F13 mutant exhibits
better expression in non-eukaryotes, making it advantageous for het-
erologous expression in industrial production.

AlphaFold2 is state-of-the-art software developed for protein struc-
ture prediction that has demonstrated high prediction accuracy for a
broad range of proteins. We used AlphaFold2 to predict the structure of
the F13 mutant. Alignment of the structure of the F13 mutant with that
of the wild-type, revealed that the F13 mutant had a clear change in the
peptide substrate-binding channel.

Although F13 reacted for 12 h, its relative conversion rate was not
sufficiently high. However, the acquisition of this new trait is particu-
larly important, and F13 is expected to improve the utilization of GlcA
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Fig. 4. Mass spectrometry results of the F13

A mutant and wild-type ApNGT glycosylated
TAMRA-DANYTK DANYTK fragment using UDP-GIcA as sugar
7 51 |5ﬁ2.2157iéi| donor. After incubation at 37 °C for 12 h, the
’ supernatant was centrifuged and analyzed by
mass spectrometry. (A) F13 mutant and (B)
2.07 603.0170(1) wild-type ApNGT.
1.5
1.07
624 . 1 - -
ge 2 2700 %1) Gﬁ;:/;TAMRA DANYTK
598 0645 618.9828{1) :
55 528067 sss;n] 1040 f"‘ L b 1T ersoam
' 5250 550.0 5750 600.0 625.0 650.0 675.0 m'z
B 7 5 Intensity (x100,000)
TAMRA-DANYTK
|562.233'|{2]|
5.1
624 9981
646.9780
603.0142
2.5] 668 9606
ST3.275
42113(2) 690 9491
00 , ' L B Y W I B
_ 5250 5500 5750 600.0 625.0 650.0 675.0 m'z

through subsequent mutations, thereby achieving a higher relative con-
version rate.
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Fig. 5. Changes in acceptor substrate binding chan-
nels. (A) Channel changed before and after muta-
tion. Green and red represented the four amino acid
residues in the receptor substrate binding channel of
wild-type and F13 mutant. Orange and yellow repre-
sented the amino acid residues at the mutation site of
wild-type and F13 mutant. Blue represents UDP-Glc.
(B) The four amino acid residues in the acceptor sub-
strate binding channel might be related to the binding
ability of the peptide [18].
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