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ARTICLE INFO ABSTRACT
Keywords: Genetic diseases are currently diagnosed by functional mutations. However, only some mutations
Deglycosylation are associated with disease. It is necessary to establish a quick prediction model for clinical
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screening. Pathogenic mutations in NGLY1 cause a rare autosomal recessive disease known as
congenital disorder of deglycosylation (NGLY1-CDDG). Although NGLY1-CDDG can be diagnosed
through gene sequencing, clinical relevance of a detected mutation in NGLY1 needs to be further
confirmed. In this study, taken NGLY1-CDDG as an example, a comprehensive and practical
predictive model for pathogenic mutations on NGLY1 through an NGLY1/Glycopeptide complex
model was constructed, the binding sites of NGLY1 and glycopeptides were simulated, and an in
vitro enzymatic assay system was established to facilitate quick clinical decisions for NGLY1-
CDDG patients. The docking model covers 42 % of reported NGLY1-CDDG missense mutations
(5/12). All reported mutations were subjected to in vitro enzymatic assay in which 18 mutations
were dysfunctional (18/30). In addition, a full spectrum of functional R328 mutations was
assayed and 11 mutations were dysfunctional (11/19). In this study, a model of NGLY1 and
glycopeptides was built for potential functional mutations in NGLY1. In addition, the effect of
potential regulatory compounds, including N-acetyl-L-cysteine and dithiothreitol, on NGLY1 was
examined. The established in vitro assay may serve as a standard protocol to facilitate rapid
diagnosis of all mutations in NGLY1-CDDG. This method could also be applied as a compre-
hensive and practical predictive model for the other rare genetic diseases.

1. Introduction

Rare diseases are a series of diseases that are often chronic and result in lifelong disability or early death [1]. It was estimated that
about 400 million people all over the world suffered from rare diseases [2,3], including 16.8 million patients in China [4]. Children
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were the most affected by rare diseases which were severe multisystem disorders [5], an important cause of severe pediatric mortality
[3]. On account of the variable phenotypes, it was difficult for clinicians to diagnose rare disease patients [4,6]. Next-generation
sequencing technologies, especially whole-exome sequencing and whole-genome sequencing, could help clinicians increase the dis-
covery rate of causative genes and improve the diagnosis of rare diseases [7,8]. However, there were differences between genotypes
and phenotypes, and most rare diseases still lack specific treatments [9]. Patients with rare diseases need more attention from society,
and research on rare diseases needs to be continuously promoted by researchers. Research on the accurate and rapid diagnostic assay,
effective clinical therapy, and scientific prognosis of rare diseases needed to be carried out.

The human cytosolic peptide:N-glycanase (PNGase; N-glycanase 1, NGLY1), encoded by NGLY1 gene (OMIM* 610661), acts on N-
glycoproteins to generate free N-glycans and deglycosylated peptides [10]. NGLY1 mutation causes a congenital disorder of degly-
cosylation (NGLY1-CDDG), a rare human autosomal recessive disease [11,12]. More than 100 NGLY1-CDDG patients were found
worldwide, including 6 cases reported in China [13-15] (NGLY1 deficiency handbook, www.NGLY1.org). NGLY1-CDDG is a multi-
systemic neurodevelopmental disorder in which the individuals exhibit typical features, such as developmental delay, multifocal
epilepsy, microcephaly, intellectual disability, liver dysfunction, alacrima, hypohidrosis, and movement disorder [14,16].
NGLY1-CDDG has attracted more attention from scholars and organizations, especially NGLY1.org which was a leading patient support
and research organization for NGLY1 Deficiency (www.NGLY1.org).

However, identifying NGLY1-CDDG is a challenge for clinicians owing to the lack of a specific clinical phenotype [13]. Previously,
NGLY1-CDDG patients were diagnosed based on gene sequencing data [11,14,17]. Two potential biomarkers of NGLY1-CDDG have
been described, including the increased aspartyl-glycosamine content in blood reported by Haijes et al. [13] and the N-glycoprotein
structure of Neu5Ac1Hex1GlcNAc1-Asn detected in urine reported by Hall et al. [18]. In 2022, an assay method was used for
measuring the enzymatic activity of recombinant and endogenous NGLY1 [15].

NGLY1-CDDG patients harbor various NGLY1 mutations. Mutations in the NGLY1 gene might affect the biological function of
NGLY1 in vivo, leading to disease. Our group reported, for the first time, a mutation in NGLY1 wherein arginine-328 (R328) was
mutated to glycine (R328G), which was a novel functional, active site in NGLY1 [14]. We also found an arginine to leucine mutation at
328 site (R328L) in another NGLY1-CDDG patient (unpublished). Recently, Dabaj et al. reported an NGLY1-CDDG patient harboring an
arginine to cysteine mutation (R328C) [19]. We analyzed the amino acid sequence of NGLY1 from Homo sapiens, Pan troglodytes, Mus
musculus, Danio rerio, Gallus gallus, Drosophila melanogaster, Caenorhabditis elegans, Saccharomyces cerevisiae, and Schizosaccharomyces
pombe and showed that the NGLY1-R328 site was conserved. Furthermore, Katiyar et al. reported that the R210 site (corresponding to
position R328 of NGLY1) of the yeast peptide:N-glycanase (Pnglp) was important for the folding and structural stability of the enzyme
[20]. Therefore, we speculated that the NGLY1-R328 site mutating to other amino acids might be a potential pathogenic mutation
leading to NGLY1-CDDG. However, it was unclear whether these mutations would cause the dysfunction in NGLY1; thus, a relationship
between genotype (NGLY1 mutation) and phenotype (NGLY1 activity) needs to be established.

In this study, a novel effective model of NGLY1-glycopeptide interaction was simulated to predict the potential pathogenic mu-
tations, and an in vitro standard assay was established for determining the enzymatic activity of mutations reported in NGLY1-CDDG
patients. Considering R328 as an example, full-spectrum amino acid mutation libraries of the R328 site to the other 19 amino acids
were constructed. The novel model between NGLY1 and glycopeptide and the s in vitro assay might provide a quick screening and
diagnosis for all mutations in NGLY1, and a basis for basic clinical research of NGLY1 drug development and molecular pathogenesis.

2. Material and methods
2.1. Bioinformatics analysis of NGLY1

Amino acid sequence blast of NGLY1 and other eukaryotic PNGase. Protein sequences for NGLY1 and other ten eukaryotic PNGase,
including Pan troglodytes, Mus musculus, Gallus gallus, Danio rerio, Oryza sativa Japonica Group, Arabidopsis thaliana, Drosophila mela-
nogaster, Caenorhabditis elegans, Saccharomyces cerevisiae, Schizosaccharomyces pombe, used in the multiple-sequence alignment were
downloaded from GenBank™. The.pdb files of proteins with known structures were obtained from the Protein Data Bank. The protein
structure prediction of NGLY1 and its mutations was performed using AlphaFold2 [21,22]. In addition, the amino acid side chains of
NGLY1 and its mutations were analyzed using the PyMOL software. Multiple sequence alignments were performed using CLUSTALW,
and the figure was produced using ESPript 3.0 [23].

2.2. A novel model of the interaction between NGLY1 and glycopeptide

Based on the sequence of amino acids, the protein structure prediction of NGLY1 and its mutations was performed using Alpha-
Fold2 (https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb?pli=1#scrollTo=kOblAo-
xetgx) [21,22]. Hydrogen atoms were added, and the missing amino acids were edited through the Protein preparation wizard
module in Schrodinger [24].

The glycopeptides were acted as docking ligands in this study. The structure of (GlcNAc)2(Man)3(Asn)1 (CID: 52921603) was
referenced at PubChem. Based on the structure of (GlcNAc)2(Man)3(Asn)1, the other structures were drawn by ChemDraw, including
(GleNAc)2(Man)2(Asn)1, (GlcNAc)2(Man)1(Asn)1, (GleNAc)2(Asn)1l, and (GlcNAc)1(Asn)l. Those structures were submitted for
protonation and energy minimization calculations using the LigPrep module in Schrodinger [24].

NGLY1 comprises three domains: PUB, PNG Core, and PAW, in which the PNG Core domain is the core catalytic domain [25]. A
receptor pocket was generated in the Receptor Grid Generation module with the PNG Core domain as the center (the central location
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was x = 5.47, y = 4.28, z = 6.22) as the collection of amino acids enclosed within an 20 A radius sphere centered on the bound ligand.
The compounds were screened for NGLY1 binding properties using semi-flexible ligands in the internal coordinate’s space. The
NGLY1/Glycopeptide complex models were considered for virtual screening using Glide Standard-precision (SP) and Extra-precision
(XP) [26].

2.3. Established an in vitro standard assay of NGLY1 enzymatic activity

To determine NGLY1 activity in vitro, the NGLY1 protein was expressed and purified using a standard method [14,27]. The
protocol of recombinant protein purification was referenced as previously reported [14]. NGLY1 cDNA was cloned into the pET-28a
(+) plasmid. The recombinant plasmid was verified by sequencing and transformed into Escherichia coli BL21 (DE3) cells (Tiangen,
China). The transformants were cultured at 37 °C for 12-16 h in Luria-Bertani (LB) medium (Binhe, China) containing 50 pg/mL
kanamycin (Sangon Biotech, China) to obtain isolated colonies. IPTG (1.0 mM) was used to induce the expression of the protein at
28 °C for 12 h. The cells were harvested by centrifugation at 3500 rpm 10 min and the pellet was resuspended in a lysis buffer (10 mM
imidazole, 20 mM Tris-HCl, 500 mM NacCl, pH 7.4). The suspended cells were sonicated (program: 5 s of sonication followed by a pause
(10 s) per cycle, 120 W of power) for 30 min on ice. The debris was removed by centrifugation (30 min, 12,000 rpm) at 4 °C. The
supernatant was loaded on a HisPur™ Ni-NTA Spin Columns (Thermo Scientific). The expressed protein on loaded column was washed
three times with a wash buffer (25 mM imidazole, 20 mM Tris, 500 mM NaCl, pH 7.4), and the eluted in an elution buffer (250 mM
imidazole, 20 mM Tris, 500 mM NaCl, pH 7.4). Mutations of NGLY1 and PNGase F were expressed and purified respectively with the
same method. The concentration of NGLY1 and its mutations, and PNGase F was determined by NanoDrop™ One/One C Microvolume
UV-Vis Spectrophotometer (Thermo Scientific).

The standard N-glycoprotein bovine pancreatic ribonuclease B (RNase B, New England Biolabs, USA) was used as a substrate to
measure NGLY1 activity. Oligosaccharides of RNase B cleaved by NGLY1 were analyzed using MALDI-TOF mass spectrometry (MS)
and capillary electrophoresis (CE) [27-30]. For MALDI-TOF MS analysis, glycan profiling was performed in the positive ion reflectron
mode in a rapifleX MALDI-TOF mass spectrometer (Bruker, Germany), using a nitrogen-pulsed laser (337 nm) and an acceleration
voltage of 20 kV [27,28]. For CE analysis, the sample was derivatized with 8-amino-1,3,6-pyrenetrisulfonic acid (APTS; Molecular
Probes, USA). The labeled N-glycans were analyzed through DNA sequencer-assisted, fluorophore-assisted carbohydrate electro-
phoresis (DSA-FACE) technology using a CE-based ABI 3500 Genetic Analyzer (Applied Biosystems, USA). Data was analyzed using the
GeneMapper software version 4.1 [29].

The N-glycan profiles of serum from healthy controls were performed following the instructions of the Glycan-Test Kit (Sysdiagno
Biomedtech, China), as previously reported [30,31].

The enzyme digestion reaction was performed in a 20 pL mixture containing 2 pg of RNase B, 2 pg of NGLY1, and PBS added up to
20 pL at 37 °C in a water bath for 12 h. This protocol describes preparation and conducting of SDS-PAGE gels, followed by staining to
detect proteins using Coomassie Brilliant Blue (CBB). Then the stained SDS-PAGE gels were scanned to images for subsequent analysis.
The following factors were evaluated in the abovementioned reaction conditions: (1) Substrate specificity - the following specific
substrates were used: RNase B with N-linked high-mannose oligosaccharide, ovalbumin (OVA, LABLEAD, China) with N-linked hybrid
oligosaccharide (LABELED, China), and self-made immunoglobulin G (IgG) with N-linked complex oligosaccharide. The protocol of
self-made IgG was referenced as previously reported [65]. The gene was subcloned to pOptiVEC-TOPO and pcDNA 3.3-TOPO
(Freedom DG44 Kit, Invitrogen) and expressed in CHO/DHFR G44 cells, IgG was purified through a G protein chromatography and
polishing protocol.

(2) Effects of temperature - NGLY1 and RNase B were mixed and incubated at the temperature from 4 °C to 85 °C to determine the
effect of the reaction temperature;

(3) Thermal stability - NGLY1 was preincubated at 4 °C, 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, 75 °C, and 85 °C for 1 h prior to the
addition of RNase B.

(4) Effects of pH - NGLY1was incubated at varying pH values from 3.5 to 9.0.

(5) Effect of chemical compounds - The reaction mixture was supplemented with additional chemical compounds in a 37 °C water
bath for 12 h. N-acetyl-i-cysteine (NAC: 0.1, 0.5, 1.0, and 5 mM), dithiothreitol (DTT: 5, 10, 20, 30, 40, and 50 mM), sodium
dodecyl sulfate (SDS, 0.1 % and 0.5 %), benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (Z-VAD-FMK, 0.1 and 0.5 mM)
and hypochlorous acid (0.001 % and 0.005 %).

2.4. Vector construction of NGLY1-CDDG mutations and full-spectrum amino acid mutation libraries on R328 site mutations of PNG core
domain of NGLY1

The protocol of construction vectors of nonsense mutations and frameshift mutations were referenced by the method of recom-
binant plasmid. Primers for mutations were designed using SnapGene application (Table S1). The mutations were obtained using a
PCR-based mutagenesis protocol. The PCR product was ligated between the Ncol (Thermo Fisher Scientific, USA) and Xhol (Thermo
Fisher Scientific, USA) cloning sites on the pET28a plasmid.

The protocol of construction vectors of missense mutations and full-spectrum amino acid mutation libraries on R328 site was
obtained using a PCR-based mutagenesis protocol following previously reported studies [14]. Primers for mutations were designed
using QuikChange Primer Design (https://www.agilent.com/store/primer Design Program.jsp) (Table S1 and Table S2).

All the mutated plasmids were confirmed by sequencing and transformed into E. coli BL21 (DE3) cells for protein expression.
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Fig. 1. The simulation structure prediction and predicted binding sites between NGLY1 and glycopeptide. (A) Sequence analysis of NGLY1.
Structure-based sequence alignment of some eukaryotic PNGase. The amino acid sequences of PNGase of Homo sapiens (Homo), Pan troglodytes
(Pan), Mus musculus (Mus), Gallus gallus (Gallus), Danio rerio (Danio), Oryza sativa Japonica Group (Oryza), Arabidopsis thaliana (Arabidopsis),
Saccharomyces cerevisiae (Saccharomyces), Schizosaccharomyces pombe (Schizosaccharomyces), Caenorhabditis elegans (Caenorhabditis), and
Drosophila melanogaster (Drosophila) were aligned by CLUSTALW. The 3D structures of NGLY1 were predicted by AlphaFold2, and the figure was
produced using ESPript. (B-1) The simulated structure of NGLY1 by AlphaFold2. (B-2) Electrostatic surface potential diagrams of NGLY1. The color
red was negative, while the color blue was positive. (C-1) The three-dimensional structure of predicted binding sites between NGLY1 and (Asn)-
GlcNAc. (C-2) The three-dimensional structure of predicted binding sites between NGLY1 and (Asn)-GlcNAc-(1-4)-GlcNAc. (C-3) The three-
dimensional structure of predicted binding sites between NGLY1 and (Asn)-Man-(1-4)-GlcNAc-(1-4)-GlcNAc. (C-4) The three-dimensional struc-
ture of predicted binding sites between NGLY1 and (Asn)-Man-(1-3)-Man-(1-4)-GlcNAc-(1-4)-GlcNAc. (C-5) The three-dimensional structure of
predicted binding sites between NGLY1 and (Asn)-Man-(1-6)-Man-(1-4)-GlcNAc-(1-4)-GlcNAc. (C-6) The three-dimensional structure of predicted
binding sites between NGLY1 and (Asn)-Man-(1-3)-[Man-(1-6)]-Man-(1-4)-GlcNAc-(1-4)-GlcNAc. (D) The binding site between NGLY1 and
glycopeptide. The red box presented the simulated pocket of potential pathogenic sites.
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Fig. 2. The enzymatic activity of recombinant NGLY1. Each experiment was done once (n = 1). (A-1) SDS-PAGE analysis of RNase B treated with
NGLY1. (A-2) SDS-PAGE analysis of OVA treated with NGLY1. (A-3) SDS-PAGE analysis of IgG treated with NGLY1. The schematic diagram of RNase
B, OVA, and IgG is shown [27,52,53]. RNase B: ribonuclease B; OVA: ovalbumin; IgG: immunoglobulin G; CHO: carbon hydrogen oligosaccharide;
+CHO: glycosylated forms of the substrates; -CHO: deglycosylated forms of the substrates. (B-1) The enzymatic reaction temperature of NGLY1.
(B-2) Enzymatic reaction pH of NGLY1. NA: substrate control, without treatment; “-”: without NGLY1. (C) The released N-glycans from RNase B
were detected by MALDI-TOF MS. (D) The released N-glycans from RNase B were detected by CE [36]. (E) The released N-glycans from total serum
glycoproteins of healthy individuals were detected by CE. Structure formulas: blue square, N-acetylglucosamine; green circle, mannose; yellow
cjrcle, galactose; red triangle, fucose.

2.5. Enzymatic activity assay of NGLY1 mutations

RNase B was chosen as a substrate for measuring the activity of mutated NGLY1 and analyzed by SDS-PAGE and ImageJ software.
The reaction condition for qualitative enzymatic activity of NGLY1 mutations was referred to the wild-type NGLY1. For the relative
enzymatic activity, 1 pg RNase B and 2 pg of mutated NGLY1 were mixed in a 20 pL reaction system. The reaction was conducted at
37 °C in a water bath for 1 h or 12 h.

3. Results
3.1. Building a novel model of the interaction between NGLY1 and glycopeptides

A structure-based sequence alignment was conducted to predict the active sites of NGLY1 (Fig. 1). There were 38 conserved amino
acid residues between 240 aa and 400 aa, Fig. 1A). Among them, there were 8 negatively charged amino acids and 6 positively charged
amino acids. It could be speculated that the electrification of amino acids would affect the structure and function of NGLY1.

NGLY1 comprises three domains: PUB, PNG Core, and PAW. The PUB domain is associated with the ubiquitin-proteasome system,
PAW is involved in the oligosaccharide binding of PNGase, and the PNG Core domain is the core catalytic domain [25]. The catalytic
domain of NGLY1 (PNG Core) is also known as Transglutaminase domain [15,32,33]. Based on the simulated structure of NGLY1 by
AlphaFold2, the ranges of amino acid for the three domains are PUB domain (15-116 aa), PNG Core domain (164-469 aa), and PAW
domain (485-653 aa), respectively (Fig. 1B).

N-glycosylation is the attachment of N-glycans to a glycosylation sequin (N-X-S/T, where X cannot be Proline), and the unique
branch structure of each N-glycan was a (GlcNAc)2(Man)3 core [34]. The substrate-binding region was identified by the super-
imposing NGLY1 structure with a crystal structure of glycan product, with a binding domain formed by PNG Core and PAW (Fig. 1C).
Two binding sites were speculated: the binding sites for glycans which were constituted with Glu239, Asn246, Cys309, Cys355,
Asp357, Arg458, Lys530, Val531, Asp534, Glu544; the conjunction sites of peptide and glycans which was constituted with Lys238,
Trp244, Arg294, Arg308, Asp335, His336, Glu356, Trp369, Lys371, Thr533. The simulated pocket of potential pathogenic sites
consisted of 66 amino acids, including amino acids 235 to 246, 277 to 279, 292 to 295, 305 to 316, 332 to 338, 351 to 359, 365 to 374,
and 452 to 460. The predicted range of missense mutation was reduced from the domain of PNG Core contained 306 amino acids to the
simulated pocket contained 66 amino acids by this model (Fig. 1D). It was worth noting that most amino acids were charged, which
might suggest that the charge of amino acids were functionally related.

3.2. Mutated sites of NGLY1-CDDG patients and their enzymatic activity

To analyze the enzymatic activity of mutated NGLY1, an in vitro enzymatic assay needed to be established. The results revealed that
NGLY1 could prefer to release N-linked glycans from RNase B (Fig. 2A and Fig. S4A). The enzymatic activity was maintained at the
reaction temperature range of 10 °C-45 °C (Figs. 2B-1 and Fig S4B-1). NGLY1 was active at pH between 6.5 and 8.0 (Fig. 2B- and
Figs. S4B-2). Based on these results, the optimum reaction conditions for NGLY1 were pH 7.4, temperature 37 °C, and substrate RNase
B.

The profile of the released glycans from RNase B treated with NGLY1 was detected through MS (Fig. 2C), consistent with the
reported N-glycan structures [27,35]. The results of CE also showed that the profiles of glycans released from RNase B were the same as
those after treatment with NGLY1 or PNGase F (Fig. 2D) [36]. These results indicated that the recombinant NGLY1 could hydrolyze the
intact glycans from RNase B.

The function of NGLY1 has been proven by the release of N-glycans on healthy serum glycoproteins through the CE method
(Fig. 2E). In addition, the N-glycome profiling from serum glycoproteins was similarly treated with NGLY1 and PNGase F, which was
referenced from previous reports [30,31]. NGLY1 could catalyze N-glycopeptides with a core-a-1,6-fucosylated (Fig. 2E).

According to reports, there are more than 100 cases of NGLY1-CDDG patients worldwide [13-15]. A total of 30 exon mutations
reported in NGLY1-CDDG patients were collected (Table 1), which were also revealed to not be SNPs by gnomAD database (http://
gnomad-sg.org/) and “HUABIAO” whole-exome public database [37]. At present, NGLY1 mutations in NGLY1-CDDG patients
mainly occurred in exon, and the site with the highest mutation frequency was c.1201A > T (p.R401X); the most varied nonsense
mutation amino acid site was R328, including R328C, R328G, and R328L. For those nonsense mutations and frameshift mutations, the
structure of mutations was changed, which might affect the enzymatic activity. Interestingly, missense mutations occurred in
NGLY1-CDDG patients, in which most happened beside the predicted NGLY1-glycopeptide binding region (Fig. 1C and D).

The enzymatic activity of 30 mutated NGLY1 was evaluated using RNase B as a substrate. Wild type NGLY1 was used as a positive
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Table 1

Mutations in exons of NGLY1 in reported NGLY1-CDDG patients.

Patient
number

Nucleotide change
(NM_018297)

Amino-acid
change

Mutated
remained
structure
(remained
amino acids)

Relative
enzymatic
activity (%)"

Clinical phenotypes

Global
developmental
delay

Small
hand
and feet

Microcephaly

Neuromotor
developmental
delay/
abnormalities

alacrima/
hypohidrosis

Ocular liver
dysfunction dysfunction

P1[11]

P2 [12]

P3[12]

P4 [12]

P5[12]

P6 [12]

P7 [12]

P8 [12]

P9 [12]

P10 [54]

P11 [54]

P12 [55]
P13 [56]

¢.1201A > T

c.1891delC

c.1201A > T

c.1891delC

¢.1370dupG

¢.1205_1207delGAA

c1201A >T

c.1201A > T

c.1201A > T

c.1201A > T

¢.1201A > T

¢.1533_1536delTCAA

¢.1533_1536delTCAA

c.347C > G
c1201A > T

p.R401X

p-Q631HfsX7

p.R401X

p-Q631HfsX7

p-R458KfsX14

p-402_403delR

p.R401X

p.R401X

p.R40IX

p.R401X

p.R401X

p-N511KfsX51

p-N511KfsX51

p.S116X
p-R401X

PUB + partial
PNG Core (400
aa)

PUB + PNG
Core + partial
PAW (636 aa)
PUB + partial
PNG Core (400
aa)

PUB + PNG
Core + partial
PAW (636 aa)
PUB + partial
PNG Core (470
aa)

PUB + PNG
Core + PAW
(653 aa)

PUB + partial
PNG Core (400
aa)

PUB + partial
PNG Core (400
aa)

PUB + partial
PNG Core (400
aa)

PUB + partial
PNG Core (400
aa)

PUB + partial
PNG Core (400
aa)

PUB + PNG
Core + partial
PAW (560 aa)
PUB + PNG
Core + partial
PAW (560 aa)
PUB (115 aa)
PUB + partial
PNG Core (400
aa)

11.41

0.00

11.41

0.00

41.87

0.00

0.00

0.00

0.00

0.00

0.00
0.00

Yes

Yes

No

No

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

(continued on next page)

o 32 ubnj ‘S

£8£822 (+20T) 01 uoAoH



Table 1 (continued)

Patient
number

Nucleotide change
(NM_018297)

Amino-acid
change

Mutated
remained
structure
(remained
amino acids)

Relative
enzymatic
activity (%)"

Clinical phenotypes

Global
developmental
delay

Small
hand
and feet

Microcephaly

Neuromotor
developmental
delay/
abnormalities

alacrima/
hypohidrosis

Ocular liver
dysfunction dysfunction

P14 [57]

P15 [57]

P16 [57]

P17 [57]

P18 [57]

P19 [57]

P20 [13]

P21 [13]

P22 [13]

P23 [16]

P24 [58]

P25 [59]

¢.953T > C

¢.1169G > A

¢.730T > C

c.931G > A

¢.1604G > A

¢.1910delT

c.622C > T

c.622C>T

c1201A > T

¢.1756C > T

¢.1756C > T

¢.1853T > G

c1201A >T

c.1405C > T

¢.1837delA

p.L318P

p.R390P

p.W244R

p.E311K

p.W535X

p.L637X

p.Q208X

p.Q208X

p.R401X

p.R586X

p.R586X

p.L618X

p.R401X

p.R469X

p.I613FfsX6

PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + partial
PAW (534 aa)
PUB + PNG
Core + partial
PAW (636 aa)
PUB + partial
PNG Core (207
aa)

PUB + partial
PNG Core (207
aa)

PUB + partial
PNG Core (400
aa)

PUB + PNG
Core + partial
PAW (585 aa)
PUB + PNG
Core + partial
PAW (585 aa)
PUB + PNG
Core + partial
PAW (617 aa)
PUB + partial
PNG Core (400
aa)

PUB + PNG
Core (468 aa)
PUB + PNG
Core + partial
PAW (617 aa)

0.00

92.13

0.00

12.24

0.00

14.98

0.00

0.00

0.00

19.44

19.44

24.84

0.00

64.23

0.00

Yes

Yes

Yes

Yes

Yes

Yes -

Yes Yes

Yes Yes
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Table 1 (continued)

Patient
number

Nucleotide change
(NM_018297)

Amino-acid
change

Mutated
remained
structure
(remained
amino acids)

Relative
enzymatic
activity (%)"

Clinical phenotypes

Global
developmental
delay

Small
hand
and feet

Microcephaly

Neuromotor
developmental
delay/
abnormalities

alacrima/
hypohidrosis

Ocular liver
dysfunction dysfunction

P26 [17]

P27 [60]

P28 [61]

P29 [61]

P30 [61]

P31 [61]

P32 [62]

P33 [63]

P34 [14]

P35[14]

¢.531dupC

c.1891delC

¢.1063T > C

c.849T > G

c1201A > T

c.1201A > T

c.1201A > T

¢.1067A > G

c.1837delA

c.1891delC

¢.1156G > T

¢.1168C > T

¢c.1025A > G

c1231C>T

c.1025A > G

p-N178QfsX9

p-Q631HfsX7

p.C355R

p.C283W

p.R401X

p.R401X

p.R401X

p.E356G

p.1613FfsX6

p-Q631HfsX7

p.D386Y

p.R390X

p.Y342C

p.R411X

p.Y342C

PUB + partial
PNG Core (185
aa)

PUB + PNG
Core + partial
PAW (636 aa)
PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + PAW
(654 aa)

PUB + partial
PNG Core (400
aa)

PUB + partial
PNG Core (400
aa)

PUB + partial
PNG Core (400
aa)

PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + partial
PAW (617 aa)
PUB + PNG
Core + partial
PAW (636 aa)
PUB + PNG
Core + PAW
(654 aa)

PUB + partial
PNG Core (389
aa)

PUB + PNG
Core + PAW
(654 aa)

PUB + partial
PNG Core (410
aa)

PUB + PNG
Core + PAW
(654 aa)

0.00

11.41

0.00

0.00

0.00

0.00

0.00

0.00

0.00

11.41

0.00

0.00

82.49

0.00

82.49

Yes

Yes

No

Yes

Yes

(continued on next page)
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Table 1 (continued)

Patient
number

Nucleotide change
(NM_018297)

Amino-acid
change

Mutated
remained
structure
(remained
amino acids)

Relative
enzymatic
activity (%)"

Clinical phenotypes

Global
developmental
delay

Small
hand
and feet

Microcephaly

Neuromotor
developmental
delay/
abnormalities

alacrima/
hypohidrosis

Ocular
dysfunction

liver
dysfunction

P36 [14]

P37 [14]

P38 [14]

P39 [14]

P40 [19]

P41 [64]

P42 [64]

P43 [64]

c.1025A > G

c.1025A > G

c.1025A > G

¢.1637-1652del

CATCTTTTGCTTATAT

¢.1637-1652del

CATCTTTTGCTTATAT

c.982C > G

c.982C > T

c.708G > T

c.708G > T

c.708G > T

p.Y342C

p.Y342C

p.Y342C

p.-S546FfsX12

p.S546FfsX12

p.R328G

p.R328C

p.W236C

p.W236C

p.W236C

PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + partial
PAW (556 aa)
PUB + PNG
Core + partial
PAW (556 aa)
PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + PAW
(654 aa)

PUB + PNG
Core + PAW
(654 aa)

82.49

82.49

82.49

15.61

15.61

14.95

0.00

0.00

0.00

Yes

Yes

No

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

@ The reaction time: 12 h; - not available or not applicable.

o 32 ubnj ‘S

£8£822 (+20T) 01 uoAoH



S. Yuan et al. Heliyon 10 (2024) e28787

mm 1h
12h

100

100.00

The relative enzymatic activity (%)

14.98

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8 0.00 0.00 0.00 i . 0.00 0.00

RGP U SR O SNSRI CR S @gg‘t(’@\@‘zg"'gi"&(\'\éi"b 6‘“\"‘%6"-\3’,5"{-\,\_;\"'
FLFFEITFE S EE TSI EF S S S F S F S FTEFEF S
&L 61" Q_u ‘\o, ‘g}“ \*’ &

NGLY-CDDG patient mutations (aa)

Fig. 3. The relative enzymatic activity of mutations reported in NGLY1-CDDG patients. The error bars depicted the results of three repetitions in the
12-huor reaction time (3 batches of NGLY1 and its mutations). The data are presented as mean + SEM.

control. It was shown that 18 mutations were dysfunctional (Fig. 3 and Fig. S5). For the 12 remained activity mutations, the efficiency
of enzymatic activity was lower than that of wild-type NGLY1 (Fig. 3 and Fig. S6). It was speculated that the predicted NGLY1-
glycopeptide binding sites were important to the function of NGLY1. However, the established model was not perfect. Several
mutated sites occurred outside the NGLY1-glycopeptide binding region, including C283, E311, L318, R328, Y342, D386, and R390,
which might suggest that the charged amino acids near the binding region also influenced the enzymatic activity.

3.3. Enzymatic activities of NGLY1 functional active site R328 mutations

According to the analysis of NGLY1-CDDG patient mutations, the disease also happened when the same amnio acid site mutated to
the others, such as the R328 site of NGLY1 which was a conserved site (Fig. 1A). Considering the R328 site as an example, a protocol of
establishing full-spectrum amino acid mutation libraries was constructed. A schematic diagram of R328 NGLY1 mutations was pre-
sented in Fig. 4A. The results showed that 10 mutations were dysfunctional, including R328A, R328D, R328E, R328F, R328G, R328I,
R328P, R328V, R328W, and R328Y, whereas NGLY1 mutants with R328H and R328T remained active as wild-type NGLY1. The other
7 mutations showed decreasing activity (Fig. 4B).

We also analyzed the 3D structure of mutant NGLY1. The simulated structures of wild-type NGLY1 and mutated NGLY1 (possessing
enzymatic activity) predicted by AlphaFold2 were presented in Fig. 4C and D respectively, and the structures of dysfunctional mu-
tations were also predicted (data not shown). Based on the predicted structure, the R328 site was critical for packing the catalytic
domain. The R328 site interacted with E340 and E440 (upper part of Fig. 4C), which were conserved residues in NGLY1 and other
eukaryotic PNGase (Fig. 1). Disruption of such packing, either at sterically very small (R328A, R328G), large residues (R328F,
R328W), or electrification (negatively charged, R328D, R328E) would affect the catalysis. It was speculated that the structure and
charge of the amino acid side chain could influence the function of NGLY1.

Based on the full-spectrum amino acid mutation libraries of the NGLY1 R328 site, the charge of amino acids has a great influence on
its function, and the charged amino acids around the simulated pocket could also be potential pathogenic sites. It was a modification of
the prediction model between NGLY1 and glycopeptides. In the meantime, the method of the full-spectrum mutation library con-
struction could also carry out a more detailed prediction of the reported pathogenic sites.

3.4. Effect of chemical compounds on NGLY1 activity

Since there is no effective treatment for NGLY1-CDDG, the compounds for promoting NGLY1 activity might be detected based on
the established in vitro enzymatic assay. In addition, the effects of compounds to the mutations reported by NGLY1-CDDG were also
examined. Among them, the results of two mutants were shown in this section, including 402delR [12] and R328L mutations found in
an NGLY1-CDDG patient. Several chemical compounds were added to the reaction system, including a reducing agent (NAC and DTT),
an enzyme inhibitor (Z-VAD-FMK), and a denaturant (SDS). The results were analyzed by SDS-PAGE (Fig. 5 and Fig. S7). At con-
centrations of 0.1, 0.5, and 1 mM, NAC promoted the NGLY1 enzymatic activity, while NAC had no significant effect on NGLY1 with
402delRand R328L (Fig. 5A and Fig. S7A). However, enzymatic activity of NGLY1, 402delR- and R328L-carrying NGLY1 was inhibited
when NAC was added at a concentration of 5 mM (Fig. 5A and Fig. S7A). NGLY1 activity was increased by DTT, while the activity of the
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Fig. 4. Function and simulated structure of NGLY1-R328 mutations. (A) The construction of the R328 site in NGLY1. The three domains of NGLY1
were simulated by AlphaFold2. (B) The enzymatic activity of mutations on the R328 site of NGLY1. The error bars depicted the results of three
repetitions (3 batches of NGLY1 and its mutations) in the 12-huor reaction time. CHO: carbon hydrogen oligosaccharide; +CHO: glycosylated forms
of the substrates; -CHO: deglycosylated forms of the substrates. (C) The interaction of the R328 site with other amino acids (E340 and E440). (D)
The predicted structures of mutated NGLY1 (with enzymatic activity). A: alanine; C: cysteine; D: aspartic acid; E: glutamic acid; F: phenylalanine; G:
glycine; H: histidine; I: isoleucine; K: lysine; L: leucine; M: methionine; N: asparagine; P: proline; Q: glutamine; R: arginine; S: serine; T: threonine; V:
valine; W: tryptophan; Y: tyrosine. The data are presented as mean + SEM. ***p < 0.001, ns: no significant. One-way ANOVA multiple comparisons.
The relatively enzymic activity of other 10 dysfunctional mutations were not shown (P < 0.001).

NGLY1 mutant harboring 402delR and R328L (Fig. 5B and Fig. S7B) was inhibited. The enzymatic activity of NGLY1 was inhibited by
Z-VAD-FMK and SDS (Fig. 5C and Fig. S7C). In general, Z-VAD-FMK inhibits pan-caspase and yeast PNGase [38].

4. Discussion

NGLY1-CDDG, the first reported congenital disorder of deglycosylation, is an extremely rare autosomal recessive disorder caused
by pathogenic mutations in the NGLY1 gene [17]. NGLY1-CDDG patients are routinely diagnosed using gene sequencing [11,13,16,
17]. However, the NGLY1 mutations detected by gene sequencing were not all related to NGLY1-CDDG. Therefore, a standard assay for
the correlation between gene mutations and NGLY1 enzymatic activity is necessary to screen and diagnose NGLY1-CDDG.

In this study, a novel effective model of NGLY1-glycopeptide interaction was simulated to preliminarily analyzed the enzymatic
mechanism of NGLY1 and predict the potential pathogenic mutations. Then, an in vitro enzymatic assay system was established to
evaluate the enzymatic activity of NGLY1 using MALDI-TOF MS, CE, and SDS-PAGE. NGLY1 can cleave intact N-glycans from N-
glycoproteins [27]. It also proved that NGLY1 could act on a single core-a-1,6-fucosylated biantennary glycan.
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Fig. 5. The enzymatic activity of NGLY1 treated with different chemical compounds. Each experiment was done once (n = 1). (A-1) NGLY1 treated
with NAC. (A-2) NGLY1 mutant with 402delR (NGLY1-CDDG mutation) treated with NAC. (A-3) NGLY1 mutant with R328L (NGLY1-CDDG mu-
tation) treated with NAC. (B-1) NGLY1 treated with DTT. (B-2) NGLY1 mutant with 402delR (NGLY1-CDDG mutation) treated with DTT. (B-3)
NGLY1 mutant with R328L (NGLY1-CDDG mutation) treated with DTT. (C-1) NGLY1 treated with Z-VAD-FMK. (C-2) NGLY1 treated with SDS. CHO:
carbon hydrogen oligosaccharide; +CHO: glycosylated forms of the substrates; -CHO: deglycosylated forms of the substrates.
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Combined with the predicted results, five missense mutations happened in the binding region of NGLY1 and glycopeptides. It was
proved that the established model of NGLY1 and glycopeptides could be effectively used to explain the catalytic mechanism of NGLY1
and predict the potential pathogenic sites for the screening and diagnosis of NGLY1-CDDG.

There are prokaryotic and eukaryotic cell-free protein synthesis systems. The prokaryotic system has the advantages of high protein
yield, simple cultivation and fast cell growth and lysate preparation, cost-efficient, easy genetic engineering, and well-established, but
it also has the disadvantage of limited post-translational modifications [39,40]. The eukaryotic system has the advantages of the ability
to perform post-translational modifications like glycosylation and correct folding of many protein types [41,42]. Compared with
prokaryotic system, eukaryotic system was laborious and expensive lysate preparation, and low protein yield [40]. Therefore, the
cell-free protein synthesis in this study was based on E. coli cell extracts.

The charged properties of amino acids have a great influence on the activity proved by the full-spectrum mutation libraries of the
R328 site mutations on NGLY1. The result illustrated that the positive charge of arginine on 328 is critical for enzymatic activity of
NGLY1, as the functional role of R328 could be complemented by electropositive charge, but not the other electronegative amino acids.
When R328 was mutated to an amino acid with the same charge (electropositivity), the mutated NGLY1 remained active (including the
R328H and R328K), whereas the mutated NGLY1 (electronegative amino acid) was dysfunctional (including the R328D and R328E).
For mutations with electroneutrality, the structure of the amino acid side chain influences the function of NGLY1. Besides R328P (328
site at a loop), the 328 site of other 18 mutations were shown at p-sheet. The mutated NGLY1 with straight amino acid side chain
showed enzymic activity, including R328C, R328L, R328 M, R328 N, R328Q, R328S, and R328T. The mutated NGLY1 was
dysfunctional when the amino acid consisted with benzene ring structure (R328F, R328W, R328Y), or less than one carbon (R328A,
R328G). Therefore, it was speculated that the electrification and side chain of amino acids possibly influenced the function of NGLY1.
Some studies have indicated that electrification [43] and side-chain structure [44] of amino acids would affect the function of proteins.
The constructed full-spectrum functional mutation libraries provided a new diagnostic method for proteins mutated at R328 and other
sites in NGLY1-CDDG and provided new insights into other single-gene disorders. Subsequently, we will analyze the correlation be-
tween the reported mutations in NGLY1-CDDG patients and NGLY1 enzymatic activity and the effect of R328 mutations on cells.

In this study, the effects of several compounds on NGLY1 enzymatic activity were analyzed using an established in vitro enzymatic
assay. This in vitro assay may serve as a practical screening strategy for drugs and compounds with potential therapeutic value for
NGLY1-CDDG patients. NAC and DTT have been shown to promote the enzymatic activity of wild-type NGLY1. NAC has been used as a
mucolytic agent for treating airway muco-obstructive diseases [45], and it might be a potential treatment for psychiatric disorders,
including Alzheimer’s dementia, drug-induced neuropathy, and progressive myoclonic epilepsy [46]. In addition, the effect of DTT has
been proven to mitigate hepatic and renal injury in bile duct-ligated mice and ameliorate hematopoietic and intestinal injury in
irradiated mice [47]. Interestingly, the effects of NAC and DTT were not consistent among NGLY1-CDDG patient mutations. This
finding is a cautionary warning of the need for precision medicine, in which treatment varies between patients with different NGLY1
mutations.

The assay established in this study has rooms to improve. The enzymatic activity of NGLY1 could be enhanced by EDTA (data not
shown), indicating some inhibitory divalent metal ions existed in the assay. In this study, molecular weight changes between glyco-
sylated and deglycosylated RNase B were used to detect the enzymic activity. The purification of NGLY1 was not high enough by this
assay, and there might be a contamination of some proteins whose molecular weight are the same as glycosylated and deglycosylated
RNase B. Those might impact the detection of enzymic activity. The quantity and purity of NGLY1 used in the assay could be further
improved by using eukaryotic expression system, codon-optimization and other measures. Structural proteins were also not eligible for
analysis by this system that relies on enzymatic activity. In addition, the assay time could also be improved for real world clinical
needs.

More and more attention has been put on rare diseases. Three levels for researching rare diseases were suggested by our group. The
first level was to prove the relationship between gene mutation and disease. PNGase, including NGLY1, was involved in a variety of
biological processes in vivo. It has been demonstrated that PNGase was involved in the embryonic development of mice [48] and
Drosophila [49], and also affected the egg-laying behavior of Caenorhabditis elegans [50]. The first patient caused by mutated NGLY1
was reported in 2012 [11], while it was recognized as a rare autosomal recessive disease in 2014 [51]. The second level was to provide
an assay for screening and diagnosis of rare diseases in clinical treatment. Identifying rare diseases is a challenge for clinicians owing to
the lack of a relationship between genotype and phenotype. Our group had established a novel effective model of NGLY1-glycopeptide
interaction was simulated to predict the enzymatic mechanism of NGLY1, and an in vitro enzymatic assay system was established to
evaluate the enzymatic activity of mutated NGLY1. It provided new sights for screening and diagnosis of NGLY1, and the study of other
single gene diseases. The third level was to carry on the catalytic mechanism research for the gene therapy or drug treatment of rare
diseases. The effect of compounds could be analyzed by in vitro enzymatic assay systems, which provided a reference for the screening
and development of potential therapeutic drugs for rare diseases.
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