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Congenital disorders of glycosylation (CDG) are severe metabolic disorders caused by an imbalance in the glycosylation pathway.
Phosphomannomutase2 (PMM2-CDG), the most prevalent CDG, is mainly due to the disorder of PMM2. Pathogenic variants in
cysteine have been found in various diseases, and cysteine residues have a potential as therapeutic targets. PMM2 harbor six
cysteines; the variants Cys9Tyr (C9Y) and Cys241Ser (C241S) of PMM2 have been identified to associate with CDG, but the
underlying molecular mechanisms remain uncharacterized. Here, we purified PMM2 wild type (WT), C9Y, and C241S to
investigate their structural characteristics and biophysical properties by spectroscopic experiments under physiological
temperature and environmental stress. Notably, the variants led to drastic changes in the protein properties and were prone to
aggregate at physiological temperature. Meanwhile, PMM2 was sensitive to oxidative stress, and the cysteine pathogenic
variants led to obvious aggregate formation and a higher cellular apoptosis ratio under oxidative stress. Molecular dynamic
simulations indicated that the pathogenic variants changed the core domain of homomeric PMM2 and subunit binding free
energy. Moreover, we tested the potential drug targeting PMM2-celastrol in cell level and explained the result by molecular
docking simulation. In this study, we delineated the pathological mechanism of the cysteine substitution in PMM2, which
addressed the vital role of cysteine in PMM2 and provided novel insights into prevention and treatment strategies for
PMM2-CDG.

1. Introduction

Congenital disorders of glycosylation (CDG) 2 are genetic
disorders resulting from abnormal glycosylation. PMM2-
CDG, due to the impairment of enzyme phosphomannomu-
tase2 (PMM2), is the most prevalent CDG with an incidence
rate of 1 in 20,000 individuals [1–3]. The clinical symptoms
of PMM2-CDG involve multisystem disorders, such as hypo-
tonia, stroke-like episodes, and peripheral neuropathy [4].

There is a substantial childhood mortality rate of approxi-
mately 15–30%, and surviving patients develop permanent
neurological disabilities [5]. PMM2-CDG, considered a
misfolding proteins disease, ongoing efforts are made to
develop drugs, including glucose-1,6-bisphosphate, D-man-
nose, epalrestat, or proteostasis regulators [6–9]. Increasing
efforts towards the treatment of misfolding proteins disease,
such as identification some chaperones: small-molecule
modulators or structural-correctors for conformationally
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destabilized proteins; PROTACs and autophagosome-tethering
compound (ATTEC) to degrade misfolded proteins, DAXX
to prevent aggregation, etc [10–13]. However, to date there
is no specific curative treatment is available [14–16]. There-
fore, elucidating the pathogenesis of PMM2-CDG is war-
ranted and might provide new insights into its treatment.

PMM2 is highly conserved among species and essential
for early development, and deficiency of PMM2 led to lethal-
ity in a mouse and zebrafish model [17, 18]. PMM2 catalyzes
mannose-6-phosphate to the mannose-1-phosphate precur-
sor of the GDP-mannose [1]. Very recently, the complete
crystal structure of hPMM2 was resolved, including the
cap domain (87-184 aa) and the core domain (1-83 and
189-246 aa), folding 9 α-helix, 11 β-sheet and two flexible
linker regions (84-86 and 185-188 aa) [19]. Over 135-point
pathogenic variants have been reported in PMM2, and
approximately 85% of these pathogenic variants are mis-
sense (http://www.hgmdl.cf.ac.uk). When we examined the
specific mutation sites of PMM2 in the clinical report, cyste-
ine (Cys) pathogenic variants have attracted our attention.
The primary structure of PMM2 comprises six Cys residues
(C9, C83, C103, C136, C192, and C241), and four (C9Y,
C103F, C192G, and C241S) of these sites are linked to
PMM2-CDG [20–22].

The Cys residues, as one of the least abundant amino
acids, have unique attributes to the structure and function
of proteins, especially for the catalytic activity and protein
folding [23–25]. As the Cys residues likely have higher reac-
tivity properties than other amino acids, replacement of even
one such ‘critical’ residue may lead to drastic changes in the
protein’s properties [26, 27]. Sulfur-containing amino acid
residues, such as the Cys residues in proteins, are particu-
larly sensitive to oxidative damage [28, 29]. However, in this
case, the opposite is observed. The Cys residues are mutated
to other amino acids that cause the disease. Thus, it is sig-
nificantly important to delineate the uncommon role of
Cys in PMM2.

Previous studies focused on detecting the enzymatic
differences between WT and disease-associated variants
[14, 15, 30]. There was no study focused on the effects of
Cys variants on the structure of the PMM2 protein and cel-
lular function. In this study, we selected two Cys variants
that may form disulfide bonds to identify the role of the
Cys residue in the protein structure and function in cells.

Our results showed that the C9Y and C241S destabilized
the secondary and tertiary structures of PMM2, increased
the susceptivity to oxidase stress and temperature, and pro-
moted PMM2 protein aggregation and degradation, which
eventually induced cell death. Findings from this study will
help elucidate the molecular mechanism underlying the
loss-of-function of the Cys pathogenic variants in PMM2
and facilitate the development of personalized PMM2-
CDG treatment strategies.

2. Materials and Methods

2.1. Materials. DNA polymerase, restriction endonucleases,
and DNA ligase were purchased from Takata. Dimethyl
sulfoxide (DMSO), paraformaldehyde (PFA), Triton X-100,

Nonidet P40 (NP-40), phenylmethanesulfonyl fluoride
(PMSF), heparin, protease inhibitor cocktail, KCl, MgCl2,
DTT, EDTA, Imidazole, cisplatin, H2O2, isopropyl-1-thio-
β-D-glucopyranoside (IPTG), and 1-anilinonaphthalene-
8-sulfonate (ANS) were Sigma products. Escherichia coli.
(E. coli) DH5α and BL21 (DE3) strains were obtained
from Biomed (Beijing, China). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), lipofectamine
2000, and DAPI were purchased from Invitrogen. The anti-
body against PMM2 and p62 were obtained from Abcam,
while the antibodies against GFP and GAPDH were from
Yeasen Biotechnology. Donkey anti-rabbit Alexa Fluor 549,
HRP-conjugated affinipure goat anti-rabbit IgG (H+L) were
from EarthOx. BSA and skim milk powder were from BD
Biosciences. All other chemicals were local products of
analytical grade.

2.2. Plasmid and Site-Directed Mutagenesis. The open
reading frame of PMM2 (NM_000303) was purchased by
Youbio Co., Ltd. For the prokaryotic system, the WT PCR
primers were as follows: Forward (F): 5′- ATTCGAGCT
CCGTCGACATATGGCAGCGCCTGGCCCAGCGCTCT-
3′; Reverse (R): 5′- TGCTCGAGTGCGGCCGCTTAGGAG
AACAGCAGTTCACAG-3′. The C9Y variant was con-
structed by PCR-based site-directed mutagenesis: F, 5′-
TCAGATCTCGAGCTCAAGCTTATGGCAGC GCCTGG
CCCAGCGCTCTAC-3′; R, the same with WT. The C241S
variant was constructed by PCR-based site-directed muta-
genesis: F, the same with the WT; R, 5′- TGCTCGAGTGC
GGCCGCTTAGGAGAACAGCAGTTCACTGATCC-3′.
Then, PCR product was inserted into the expression
pET28a(+) plasmid containing 6x His-tag. The recombi-
nant plasmids containing the WT or mutation gene was
transformed into E. coli BL21 (DE3) for the overexpression
of the recombinant protein. For the eukaryotic system, the
WT PCR primers were as follows: Forward (F): 5′- TCAG
ATCTCGAGCTCAAGCTTATGGCAGCGCCTGGCCCA
GCGCTCT-3′; Reverse (R): 5′- CGACTGCAGAATTCGA
AGCTTGGAGAACAGCAGTTCACAGATCC-3′. The C9Y
variant was constructed by PCR-based site-directed mutagen-
esis: F, 5′- TCAGATCTCGAGCTCAAGCTTATGGCAGC
GCCTGGCCCAGCGCTCTA c-3′; R, the same with WT.
The C241S variant was constructed by PCR-based site-
directed mutagenesis: F, the same with WT; R, 5′-CGACTG
CAGAATTCGAAGCTTGGAGAACAGCAGTTCACTGA
TCC-3′. The obtained gene was inserted into the pEGFP-
C3 vector, and endotoxin-free plasmids for cell transfec-
tion were obtained using the Plasmid Maxiprep kit.

2.3. Expression and Purification of Recombinant PMM2.
Details about expression and purification were conducted
by the same methods as those described previously [14].
The E. coli BL21 (DE3) containing the WT or variants’
plasmids were amplified in the Luria-Bertani medium. The
E. coli cells were harvested, lysed, and the soluble fraction
were obtained by centrifugation at 12000 g at 4°C for
0.5 hours. After filtration 0.22μm pore size filter twice,
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the recombinant protein was collected using a Ni-NTA
affinity column and purified by Hiload 16/600 Superdex
75 preparative column equipped with ÄKTA purifier in
buffer containing 20mM Na2HPO4, 150mM NaCl, and
1mM EDTA. The protein concentration was determined
according to the BCA method.

2.4. Size Exclusion Chromatography (SEC), SDS-PAGE
Analysis, and Protein Solubility. The purity of the final
protein (>98%) was checked through SDS-PAGE and size
exclusion chromatography (SEC) analysis and stored at
-80°C. The SEC analysis was performed using ÄKTA purifier
in the buffer with an elution rate of 0.6mL/min. About
100μL protein solutions were injected into the column.
The protein concentration for SEC analysis was 0.2mg/mL.
The SDS-PAGE analysis was performed using the 10% sep-
arating gel. About 10μL protein solutions with a protein
concentration of 0.2mg/mL were used for the SDS-PAGE
analysis. Size exclusion chromatography can be used to
estimate the molecular weight (MW) [31–33]. The purified
protein was concentrated by Millipore Amicon Ultra-15
series and Millipore Amicon Ultra-0.5 series concentrators
at 11000xg on 4°C. The protein concentration was deter-
mined every 15min until the maximum concentration was
reached. The maximum protein concentration was defined
by the unchanged value after three successive replications
of centrifugation. All 7solubility experiments are performed
at least in triplicate.

2.5. Spectroscopy Experiments. Details about spectroscopic
experiments were conducted by the same methods as those
described previously [34]. In brief, the fluorescence spectra
was determined using the F-4700 fluorescence spectropho-
tometer (Hitachi Co., Tokyo, Japan). The intrinsic fluores-
cence was monitored with an excitation wavelength of
280nm or 295nm, respectively, and an emission wavelength
from 300 to 400 nm. For extrinsic ANS fluorescence mea-
surement, the excitation wavelength was 380 nm and the
scanning wavelength ranged from 400 to 700nm. The Far-
UV circular dichroism (CD) experiments were measured
using Jasco J-715 spectropolarimeter (Jasco Corp, Tokyo,
Japan) at room temperature using 0.2mg/mL protein con-
centrations, respectively. Far-UV CD signals were collected
using a 1mm path length cell over a wavelength range of
190–250nm. The solution turbidity was detected by the
absorbance at 400nm with an Ultraspec 4300 pro UV-Vis
spectrophotometer (Amersham Pharmacia Biotech). The
parameter A, defined as the ratio of the intensity at 320 nm
(I320) to 365 nm (I365), suggested the position and shape
change of the Trp fluorescence spectrum [35]. All spectros-
copy experiments were repeated at least three times, and
the buffer control was subtracted for correction.

2.6. Free Thiol Measurement. The number of free thiol in the
proteins was determined by a micrototal mercapto assay kit
(Solarbio, product number: BC1375). The thiol groups react
with 5,50-dithiobis-(2-nitrobenzoic acid) (DTNB) and form
yellow compounds with a maximum absorption peak at
412nm. Evolution 300 Security UV-Vis Spectrophotometer

(Thermo Fisher Scientific, Madison, USA) was used to detect
the absorption peak at 412 nm, and then, the number of free
thiols was calculated according to the formula given in the
assay kit.

2.7. Cell Culture, Cell Transfection, and Immunofluorescence.
HEK293T cells were obtained from public cell banks
(ATCC, USA). These cells were cultured in DMEM contain-
ing 4.5 g/L high glucose, 10% fetal bovine serum, and 1%
penicillin/streptomycin (Solarbio Science & Technology).
All the cells were incubated in a humidified 37°C incubator
and 5% CO2. All the recombinant plasmids (WT, C9Y,
and C241S) were transiently transfected in HEK293T cells
by Hieff Trans™ Liposomal Transfection Reagent (Yeason),
following the manufacturer’s protocol. After 24 h transfec-
tion, for the oxidative stress group, the cells were treated
with 2mM H2O2 for 2 h. Then, the two groups of cells were
washed by PBS buffer three times for 5min, fixed by 4% PFA
for 40min, treated by 0.4% Triton X-100 for 10min, and
blocked by 10% FBS for 40min. The fixed cells were stained
by P62 antibody. The nuclei were dyed with DAPI. The cells
were observed by OLYMPUS IX83-FV3000-OSR confocal
microscope. The percentage of cells with aggregates was
qualified by calculating the percentages from at least 200
positively transfected cells from 5 random fields.

2.8. Cell Apoptosis Assay. Untreated or treated cells were
detached using Trypsin-no EDTA and collected by 300 g
for 5min and washed with cold PBS twice at 4°C. The proce-
dure was followed by the instruction of Annexin V-Alexa
Fluor 647/PI Apoptosis Detection Kit. Cell analysis was
performed on BD FACS Calibur flow cytometer (BD Bio-
sciences) within 1 h. All experiments were performed in
triplicate.

2.9. Cell Viability. The Cell Counting Kit-8 (Solarbio Science
& Technology) was performed to detect cell proliferation.
The 3∗103 cells in 96-well plates were treated with 2mM
H2O2 for 2 h. 10μL CCK8 reagent was added into each well
according to the instruction of CCK8. And then, absorbance
of samples was detected at 450nm wavelength using an MD
M5 (molecular devices).

2.10. Western Blot. The cells transfected for WB were
divided into four groups based on different treatments:
normal, 2mM H2O2, 0.5μM celastrol, and DMSO. The total
protein concentration was detected using BCA Protein
Quantification Kit (Vazyme). The nonreducing SDS-PAGE
was done following the same protocol of the normal SDS-
PAGE analysis without β-mercaptoethanol.

2.11. Molecular Dynamic Simulations. This study used the
X-ray structure of the human PMM2 dimer template with
residues 7–245 at pH7.0 (PDB ID: 7O0C). The structure of
the PMM2-C9Y and C241S dimer were constructed based
on WT by PyMOL. Details of molecular dynamic (MD) sim-
ulation analysis were the same as those described previously.
In brief, all structures were immersed in cubic water box
with 10Å between protein and the box boundary and water
box contained 150mM NaCl and 5mMMgCl2. Calculations
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were simulated by GROMACS in CHARMM36 force field.
Water was described with the TIP3P model. Electrostatics
were treated using the particle mesh Ewald (PME) method
We equilibrated the system for 5 ns under NVT and NPT
conditions at 300K and ran program for 100ns to generate
trajectories. Finally, visual molecular dynamics (VMD) was
used to process and analyze the trajectories.

2.12. Protein Disulfide Bond Determination by Mass
Spectrometry (MS). Related principles and procedures were
referred from Gorman et al. [36]. This study used 50μL
PMM2-WT protein solution with a concentration of
0.2μg/μL. We added prewashed beads and ethanol and
elution the protein sample. Digestion the sample with tryp-
sin+lysC mix (trypsin : protein = 1 : 50 (w/w)), and samples
were freeze-dried in vacuum concentrator and redissolved
with 0.1% trifluoroacetic acid. The sample was further
analyzed by matrix-assisted laser desorption/ionization
(MALDI) and electrospray ionization (ESI) in MS platform
of Westlake University Institute for advanced study.

2.13. Data Analysis and Visualization. Data were analyzed
by GraphPad Prism 8.0 (GraphPad Software Inc., San Diego,
CA, USA). A p value of less than 0.05 was considered
statistically significant. Results were visualized by GraphPad
prism 8.0. All experiments in this work were repeated three
times.

3. Results

3.1. Cys Substitution Impaired the Secondary and Tertiary
Structures of PMM2 and Decreased Protein Solubility. The
C9Y (c. G26A) variant has been identified in at least 7 fam-
ilies from France, Germany, Sweden, and the USA [37, 38].
The C9 was highly conserved and located near the active
site Asp12, probably leading to enzymatic inactivation.
And the C241S (c. G722C) variant has been identified in
at least 6 families from France, Belgium, Spain, and the
USA [3, 21, 22]. In terms of the enzyme, the C9Y variant
retained approximately 28% of the enzymatic activity of
the WT, and the C241S variant retained approximately
32% [30]. The C9Y and C241S substitution were predicted
to be “probably damaging” with scores of 0.969 and 0.987,
respectively, by Polyphen analysis, which was consistent
with the result predicted by PROVEAN (C9Y: -5.493,
C241S: -2.986). Combining the structure from the PDB
website (PDB ID: 7O0C) and bioinformation, we found
that the distance between Cys9 and Cys241 of PMM2
was suitable for disulfide bond formation and MS have
confirmed (Figure 1(a) and Table 1).

To elucidate the Cys substitution effect on the PMM2
protein, the recombinant WT, C9Y, and C241S proteins
were purified from the E. coli expression system and mea-
sured by spectroscopic experiments. According to the results
of SEC analysis and SDS-PAGE, a single main peak and
band indicated that the purified proteins had high homoge-
neity (Figure 1(b)). The results showed that the C9Y variant
had slight shift at elution volume, which suggested that it
had a bigger apparent molecular weight, consistent with

the SDS-PAGE result. The C241S variant had similar elution
positions in the SEC profiles as WT, thereby suggesting that
C241S mutation did not affect the overall molecular size,
oligomeric state, or hydrodynamic radius of PMM2. Accord-
ing to analysis on the Superdex 75 10/300GL gel column,
both the WT and variants had a molecular mass of
∼60 kDa in aqueous solution, which is approximately the
theoretical homomer molar mass of 55.7 kDa. The catalyti-
cally active form of the PMM2 enzyme is a homodimeric
protein, and we performed the assay and confirmed that
the purified proteins had the enzyme activity (supplement
Figure 1), meaning the purified proteins as dimmer form,
consistent with a previous study [14, 19]. The effect of the
Cys substitution on the microenvironment around Trp was
further evaluated by the intrinsic Trp fluorescence.
Compared to the WT protein, the Cys pathogenic variants
dramatically decreased the Trp fluorescence of PMM2, and
the C9Y was accompanied with an about 2 nm redshift of
the maximum emission wavelength (Emax), suggesting that
the structure of Cys variants became loose (Figure 1(c)).
The ANS spectra provided clear evidence that the Cys
substitution induced a large change in the nonpolarity of
the ANS-binding site, and the C9Y variant caused a larger
change than the C241S variant did (Figure 1(d)). Far-CD
spectra represent the protein secondary structure elements.
In the Far-UV regions, the variants CD spectra were
generally characterized by distinct peaks at 208 and 222 nm,
respectively, which are features of proteins that contain α-
helix conformational elements, displayed lighter 208nm and
222nm minima than the WT (Figure 1(e)). The ratio of α-
helix and β-sheet of C9Y were significantly lower than that
in WT after qualification by CDNN software (Figure 1(f)).
Moreover, the solubility of the C9Y variant was decreased
(WT: 4:12 ± 0:15mgmL-1, C9Y: 0:75 ± 0:14mgmL-1, and
C241S: 3:21 ± 0:11mgmL-1) (Figure 1(g)). Taking into
account that the Cys substitution may affect the amount of
free thiol, C9Y and C241S were monitored by DTNB
modification according to Ellman’s method. As expected, the
C9Y variant contained more number of free thiol than the
WT, which provided possible support for the disulfide-
bonding network between the C9 and C241 (Figure 1(h)).
Meanwhile, we performed mass spectrometry (MS) to detect
the formation of disulfide bond. The lower value of score,
the higher potential to form disulfide bond. The value below
1E − 3 was considered to form disulfide bond, and the value
of C9 and C241 was 5:01E − 04 (Table 1). Taken together,
these results support the hypothesis that Cys variants caused
the changes in the secondary and tertiary structures of
PMM2 that led to the Cys variants becoming more unstable.

3.2. Cys Substitution Impaired the Structural Stability at
Physiological Temperature. To assess the effect of Cys substi-
tution on protein stability, the aggregation of the samples
was monitored by measuring the turbidity at 400nm (A400)
at a physiological temperature of 37°C at consecutive time
points, where the optical density of the protein solution
was used as a measurement of the protein aggregation. As
the data showed that the A400 value of C9Y and C241S
reached a plateau at 4 hour (h) and significantly higher than
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Figure 1: Continued.
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the WT (Figure 2(a)). Thus, the intrinsic Trp, extrinsic ANS
fluorescence, and Far-CD spectra were monitored at the 4 h
timepoint. It is intriguing to discover the Cys variants led to
drastic structural change loss, characterized by a redshifted
peak position and lower intensity (Figure 2(b)). Strikingly,
major alterations of protein secondary structures were
observed by Far-CD spectra (Figure 2(c)). In addition, the
extrinsic ANS fluorescence was higher intensity and a blue-
shifted peak position compared to the WT (Figure 2(d)).
For a more intuitive and more comprehensive analysis,
sedimentation assay was applied, in which samples were
centrifuged, and partitioning of PMM2 into the soluble
fraction was used as a measurement of the state of
PMM2. According to the SDS-PAGE analysis, the C9Y
variant remained mainly in the soluble fraction, whereas
a vast amount of protein entered the pellet fraction after
4 h under 37°C treatment; for the C241S variant, almost
half the protein entered the pellet fraction at 37°C treat-
ment. However, WT remained in the soluble fraction even
when all other conditions were the same (Figure 2(e); see
Figure 2(f) for quantification). Together, these results
demonstrate that the Cys substitution became more unsta-
ble and prone to aggregation.

3.3. The Mutation Increased PMM2 Susceptibility to Heat
Shock. We aimed to elucidate the thermal stability of the
PMM2, for which we applied previously described proce-
dures [34]. CD spectroscopy, A400, and Uncle were applied
to obtain further information on the temperature sensitivity
of the PMM2WT and Cys variants. As shown in Figure 3, as
expected, the Cys variants showed significantly decreased
starting and midpoint temperatures of thermal denatur-
ation (Tm) when measured by the transition curves that
were obtained from the changes of E222 in Far-UV CD
(Figure 3(a)) and A400 (Figure 3(b)). In addition, the unfold-
ing profiles were obviously different, and the heat denatur-
ation analysis revealed that the WT began to dramatically
lose the CD signal at 54°C, whereas the Cys variants started
to significantly lose the CD signal at a temperature as low
as 46°C for C9Y and C241S.

The A400 data of PMM2 were fit very well to a two-state
thermal transition model between the folded and unfolded
states and the Tm values were calculated. The Tm values of
the WT, C9Y, and C241S proteins were 60:81 ± 0:1°C,
42:02 ± 0:2°C, and 48:72 ± 0:1°C, respectively. The thermal
aggregation kinetics were determined by recording the
time-course changes in turbidity when heating the protein
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Figure 1: The cysteine variants decreased protein solubility with changing the secondary and tertiary structures of PMM2. (a) Representative
cartoon crystal structure of the hPMM2 dimer (PDB ID: 7O0C). All the Cys were marked by stick, C9 and C241 colored by orange and the
others colored by red. (b) SEC profiles of 100μL, 0.2mg/mL and SDS-PAGE analysis of the purified proteins. The inset shows the SDS-PAGE
analysis of the purified proteins. (c) Intrinsic Trp fluorescence spectra of the 10 μMWT, C9Y, and C241S. (d) ANS fluorescence spectra of the
10μMWT, C9Y, and C241S. (e) Far-UV CD spectra of the 10μMWT, C9Y, and C241S. (f) Qualification the secondary ratio according to the
Far-UV CD spectra by CDNN software. (g) The solubility ofWT, C9Y, and C241S at 4°C (∗p < 0:05). (h) Number of free thiol ofWT C9Y and
C241S, the DTNB-reactive free −SH groups were calculated using a standard curve determined using L-cysteine. The presented results were
calculated from three repetitions (∗∗∗∗p < 0:0001).

Table 1: Mass spectrometry (MS) detection the formation of disulfide bond.

Peptide Proteins Protein_Type Score (<1:00E − 03)
AAPGPALCLFDVDGTLTAPR(8)-ICELLFS(2) PMM2(9)-PMM2(241)/ Intraprotein 5:01E − 04
AAPGPALCLFDVDGTLTAPR(8)-SCSQEER(2) PMM2(9)-PMM2(136)/ Intraprotein 5:31E − 05
QNIQSHLGEALIQDLINYCLSYIAK(19)-ICELLFS(2) PMM2(103)-PMM2(241)/ Intraprotein 4:55E − 07
QNIQSHLGEALIQDLINYCLSYIAK(19)-SCSQEERIEFYELDKK(2) PMM2(103)-PMM2(136)/ Intraprotein 5:31E − 05
SCSQEER(2)-ICELLFS(2) PMM2(136)-PMM2(241)/ Intraprotein 6:19E − 06
SCSQEERIEFYELDKK(2)-SCSQEERIEFYELDKK(2) PMM2(136)-PMM2(136)/ Interprotein 7:69E − 07
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solutions at 50°C (Figure 3(c)). The A400 values of Cys
variants abruptly increased over time, but that of WT nearly
sustained at baseline, implying that the variants aggregated
with a shorter lag time and a faster aggregation rate
(Figure 3(d)). Simultaneously, the Uncle was applied to
monitor the more detail status of thermal unfolding and
aggregation of WT and the Cys variants. The results of
E266 and E473 were showed in Figures 3(e) and 3(f). The
Cys variants each had a higher peak and lower temperature
for the formation of small and large aggregates. Notably,
these multifaceted results implied that the Cys pathogenic
variants appeared to disrupt a compact domain organization
and prone to forming more massive aggregates.

3.4. The Cys Substitution of PMM2 Caused More Aggregates
and Higher Cellular Apoptosis under Oxidative Stress. The
Cys residues and disulfide bonds were expected to exert
reversal thiol oxidation effect upon temporary oxidative
stress shock. In our cases, what effects did the Cys substitu-
tion and subsequent potential disulfide bond disruption on

the protein structure upon temporary oxidative stress shock?
We applied hydrogen peroxide (H2O2) induced oxidative
stress. H2O2 played a clear role as signaling second messen-
ger in the cell. The result in Figure 4 indicated that the puri-
fied Cys variant proteins had a redshifted peak position,
lower intensity in the Trp fluorescence curve (Figure 4(a)),
and higher intensity and a blueshifted peak position in
extrinsic ANS fluorescence curve (Figure 4(b)). As shown
in Figures 4(d)–4(g), the intensity of the Trp fluorescence
reduced and the intensity of the ANS fluorescence enhanced
along the time course of H2O2 treatment. Together, PMM2
proteins were sensitive to oxidative stress. However, the
changed structures of Cys variant proteins did not cause
aggregate formation showed by A400 curve (Figure 4(i)).
Further, nonreducing SDS-PAGE results indicated that the
changed structure of Cys variant proteins may exist as
higher multimeric form (Figure 4(c); see Figure 4(f) for
quantification).

To provide deeper insight into the molecular pathogene-
sis of the Cys variants, we studied the effect at the cellular
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Figure 2: The C9Y and C241S variants lowered the stability of PMM2 under physiological temperature. (a) Turbidity (A400) curve of WT,
C9Y, and C241S during under physiological temperature for 15min, 30min, 1 h, 2 h, 4 h, and 8 h. (b) Intrinsic Trp fluorescence spectra of
the 10μM WT, C9Y, and C241S under physiological temperature for 4 h. (c) Far-UV CD of the 10 μM WT, C9Y, and C241S under
physiological temperature for 4 h. (d) ANS fluorescence spectra of the 10 μM WT, C9Y, and C241S under physiological temperature for
4 h. (e) SDS-PAGE analysis of the soluble and insoluble fractions of protein solutions incubated at 37°C for 4 h. T: total, S: supernatant,
P: precipitate. (f) Qualification of the soluble expression of proteins by SDS-PAGE analysis (e) with the supernatant/total (∗∗∗∗p < 0:0001).

7Oxidative Medicine and Cellular Longevity



level. It was feasible to hypothesize that these proteins were
susceptible to be rapidly aggregated in cells. To test our
hypothesis, we overexpressed the WT and Cys variants in
HEK293T cell lines. Immunofluorescence results indicated
that most of the overexpressed WT and Cys variants were
distributed in the cytoplasm. However, a few cells were
found to form protein aggregates, which were colocalized
with P62 (Figure 5(a)). As expected, the aggregates were
significantly increased after 2mM H2O2 treatment, thereby
suggesting that the Cys variants were more sensitive to oxi-
dative conditions (Figures 5(b) and 5(c)). This result was
consistent with that for the purified protein in a tube. To
explore the effect of Cys variants on proliferation and
apoptosis, we performed CCK-8 and flow cytometry experi-
ments. The cell growth result indicated that the proliferation
abilities of the Cys variants were significantly weaker after
Cys substitution and that C241S was heavier than C9Y
(Figure 5(d)). Furthermore, the proportion of late apoptosis
was significantly increased in the C9Y and C241S groups
(Figure 5(e)). According to the WB results of reduced SDS-

PAGE, after treatment for 2 h in the presence or absence of
H2O2, the Cys variants did not exhibit changes in protein
molecular weight (Figure 5(f)). According to the WB results
of nonreduced SDS-PAGE, notably, the protein size of C9Y
was larger than that of the WT, while the protein size of
C241S was smaller than that of the WT (Figure 5(g)). Taken
together, these findings demonstrated that the Cys substitu-
tion elevated the PMM2 susceptibility to H2O2 treatment at
both protein and cellular levels.

Gámez et al. have proposed that PMM2-CDG is a
conformational disease and, based on this, suggested that
pharmacological chaperones may be an effective treatment
[16]. Their latest work indicated that celastrol treatment
led to significant increases in variant PMM2 protein concen-
tration and activity [7]. However, in our cases, at the cellular
level, during H2O2 treatment, the protein levels of Cys
variants did not change after celastrol treatment, according
to both reduced SDS-PAGE and nonreduced SDS-PAGE
(Figures 5(h) and 5(i)). Celastrol may act as a proteostasis
regulators by triggering the HSR (i.e., it increased the
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Figure 3: The C9Y and C241S variants significantly impairs thermal stability of PMM2. (a) The ellipticity at 222 nm of Far-UV CD upon
temperature-gradient changes. (b) Turbidity (A400) curves of WT, C9Y and C241S during temperature-gradient heating experiments.
(c) Thermal aggregation kinetics of the proteins obtained by heating the protein solutions at 50°C. (d) The lag time and aggregation
rate (k) of thermal aggregation kinetics. (e, f) The Uncle system evaluated the temperature-gradient heating process with different
protein concentrations. The emission intensity in 266 (e) and 473 nm (f) wavelength of WT, C9Y, and C241S with 10μM during
the heating process, E266 and E473 with index of small and large aggregates, respectively (∗∗∗∗p < 0:0001).
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Figure 4: The C9Y and C241S variants elevated PMM2 susceptibility to H2O2 treatment. (a, b) Intrinsic Trp and ANS fluorescence spectra
of the 10μM WT, C9Y, and C241S after 1mM H2O2 treatment for 12 h at 4°C. (c, f) Nonreducing SDS-PAGE analysis of the protein
solutions, the samples were incubated in SEC buffer with or without 1mM H2O2 for 12 h. (d, e) Intrinsic Trp and ANS fluorescence
spectra of the 10 μM WT and C9Y after 1mM H2O2 treatment for 4 h, 8 h, and 12 h. (g, h) Intrinsic Trp and ANS fluorescence spectra
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C241S after 1mM H2O2 treatment for 12 h at 4°C.
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Figure 5: Continued.
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expression of Hsp27, Hsp40, Hsp70, and Hsp90) and by
inhibiting the proteasome system, whereas knockdown the
HSR led to different responses of the variants, which suggest
different cellular strategies exist for dealing with misfolded
proteins. In our cases, C9Y and C241S did not change the
protein level compared to WT both at normal and H2O2
treatment, and celastrol did not elevate the protein level of
these variants. Furthermore, we found celastrol may bind
at the interface between the domains of PMM2, which is
similar to the binding site of Glc-1,6-P2, the essential activa-
tor of PMM2 (supplement Figure 2). Celastrol could not
change the states of Cys variants, which was taken for
granted.

3.5. The Cysteine Variants Led to More Flexible Structure
Identified by MD. The Cys9 and Cys241 were located in
the N-terminal first β-sheet and last α-helix, respectively,
in the core domain. To monitor the aggregation process
caused by Cys variants, molecular dynamic (MD) simula-
tions of the dimer was performed to establish a structural
basis for the harmful effects of Cys substitution. Alignment
of the dimeric structures accomplished by simulations of
PMM2 and Cys variants indicated that the mutation appar-
ently altered the overall folding of PMM2 (Figure 6(a)). A
close inspection of the surface electrostatic potentials indi-
cated that the Cys variants modified the distribution of
charged/polar residues around the subunit interface, espe-
cially within the field of dashed circles (Figure 6(b)). The
root mean square deviations (RMSDs) of Cα atoms were
calculated (residues 5–244 aa) from the starting structure.
As shown in Figure 6(c), the RMSD of the PMM2 WT
stayed fairly low, whereas the Cys variants C9Y/C241S
displayed changeable values throughout the simulation.
The changes were most obvious in the simulation around
the C9Y and C241S mutation sites, particularly for the core

domain (1-83 and 189-246 aa). The results of the time
course of Cα RMSD were similar and that of the WT
remained practically steady in the last 100 ns. However, the
CαRMSD values of C9Y and C241S varied substantially
during the simulation (Figure 6(d)). Similar to the changes
in the global dynamics, the Cα root mean square fluctua-
tions (RMSFs) from the initial structures were measured
throughout the trajectories. As Figure 6(e) showed, the large
changes in RMSF were focused on the local mutation sites.
Furthermore, the Cys variants greatly reduced the sub-
unit binding energy arisen from electrostatic interactions
(Figures 6(f)–6(h)). Our simulation results were consis-
tent with experimentally observed phenomena and further
explained the instability of the Cys variants.

4. Discussion

Glycosylation modifications are ubiquitous in biology and
play a pivotal role that includes recognition in the immune
system and mediation of diverse responses such as cellular
trafficking, and surface receptor signaling dynamics to mod-
ulate signal transduction, apoptosis, and tumor metastasis
[39]. PMM2-CDG is a rare autosomal recessive disease.
Normally, it is an outcome of high-risk pregnancy; the risk
of having a child with PMM2-CDG is close to 1/3 instead
of the expected 1/4 that was usually estimated by the
previous studies [1, 19]. PMM2 is a key enzyme in the initial
steps of N-glycosylation, which is essential for the transla-
tion of mannose-6-phosphate into mannose-1-phosphate
[3]. Its mutation in humans leads to various kinds of dis-
eases, including PMM2-CDG, glaucoma, hyperinsulinemic
hypoglycemia, polycystic kidney disease, and premature
ovarian insufficiency [40–43]. The clinical presentation and
onset of PMM2-CDG vary among affected individuals
according to mutation sites and types [44]. However,
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Figure 5: The oxidization and mutation promote protein aggregation and cell apoptosis in cell. (a, b) Representative confocal images of
HEK293T cells with exogenous expression of the WT, C9Y, and C241S fused by GFP at the C-terminus without (a) or with (b) 2mM
H2O2 treatment. Exogenously expressed PMM2 proteins were visualized by GFP (green), the aggresomes were marked by P62 (red), and
nucleus was stained by DAPI (blue) represented nucleus; scale bars, 10 μm. (c) Quantitative analysis of protein aggregation in HEK293T
cells. (d) Cell growth assay was performed in 96-well format using the CCK8 cell proliferation kit. Each sample was assayed in triplicates
for 4 days consecutively. (e) Quantitative analysis of the percentages of late apoptosis. (f, g) Reduced (f) and nonreducing (g) SDS-PAGE
and Western blot analysis of protein solutions without or with 2mM H2O2 for 2 h before cells harvested. ∗p < 0:05. (h, i) Reduced (h)
and nonreducing (i) SDS-PAGE and Western blot analysis of protein solutions with 2mM H2O2 and treated with 0.5 μM celastrol
(∗∗∗p < 0:001, ∗∗∗∗p < 0:0001).
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currently, no suitable treatment is available, only symptom-
atic therapy. Previous studies that focused on hotspot path-
ogenic variants R141H and F119L in the native state were
limited to the protein level [8, 14]. Rare attention has been
given to the unique Cys residue functions under stress con-
ditions in PMM2. However, the Cys residues are active com-
ponents of catalytic, oxidation-reduction, and signal
transduction pathways and have distinct physicochemical
properties [24]. Cys could help constrain any structural
component of a peptide by creating disulfide bonds that
increase the rigidity [45]. Variants in Cys have been found
in various diseases, and Cys residues have potential for use
as therapeutic targets [46–49]. Therefore, the goal of this
article was to elucidate the molecular mechanism underlying
the loss-of-function of the Cys pathogenic variants, by eval-
uating the pathogenicity of the Cys changes and their effects
on the stability of the PMM2 protein.

Our experimental results showed that the two examined
Cys pathogenic variants changed the secondary and tertiary
structures, led to a looser global structure, and reduced the
solubility of PMM2, as indicated by spectroscopy experi-
ments using purified recombinant proteins (Figures 1(b)–
1(g)). Concomitantly, the MD results suggested that the
two Cys variants mainly disrupted the core domain (1-83
and 189-246 aa) (Figures 6(c)–6(e)). Regardless of whether
the mutation was of the N-terminus (C9Y) or the C-
terminus (C241S), the Cα RMSF values fluctuated similarly,
thereby suggesting that there might be a link between C9
and C241. Alignment of well-balanced simulated structures
indicated that the Cys variants exhibited a higher ratio of
β-sheet and hydrophobic surface and were prone to form
aggregates, which was consistent with the Far-UV data

(Figures 1(d), 1(e), 6(a), and 6(b)). As for the subunit bind-
ing energy, C241Y significantly reduced the subunit binding
energy, especially in the electronic part (Figures 6(f)–6(h)).
Combined with the structural analysis of the Cys variants
by spectroscopy experiments and MD, these experiments
provided detailed insights into the mechanism by which
the Cys pathogenic variants changed the molecular structure
of PMM2.

Cys residues play a vital role in sensing and protecting
cells against oxidation, which is one of the major and most
studied mechanisms. Oxidative stress has been established
as a primary source of various forms of cellular damage,
which all might result in protein misfolding and aggregation
[50]. Sulfur-containing Cys residues not only manifest
potent nucleophilicity but also undergo a facile oxidation
reaction to generate disulfide bonds. From the structure
obtained by X-ray diffraction, we measured the distance
between Cys9 and Cys241, which is suitable for the forma-
tion of disulfide bonds. The result of disulfide linkages
characterized by MS showed that C9 and C241 had a high
potential to form intradisulfide bond (Table 1). Intrachain
disulfide bonds are buried between the two layers of antipar-
allel β-sheet structure [51], and disruption the disulfide
bond may explain that the C9Y and C241S destabilized the
secondary and tertiary structures of PMM2. The free thiol
measurement indicated that C9Y variant contained more
number of free thiol than the WT, and the introduced free
thiol may have come from the disruption of the disulfide
bond (Figures 1(a) and 1(h)). Moreover, as shown in supple-
ment Figure 3, after 100ns simulation, the C9Y had a visible
looser structure than WT and C241S. Meanwhile, for WT,
there were two hydrogen bonds of Cys9 and two hydrogen
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Figure 6: Overall dynamics of PMM2 calculated from simulations. (a) A comparison of the well-done simulated dimeric structures of
the WT, C9Y, and C241S. The Cys variants altered the structure were indicated by dotted circles; blue: C9Y; red: C241S. (b) Surface
electrostatic potentials of the dimeric WT and Cys variants. The Cys variants altered the distribution of charged residues, and the
representative areas were indicated by dotted circles; yellow: C9Y; red: C241S. (c) Cα root mean square deviation (RMSD) of the
dimeric WT and Cys variants from the initial structure of time for all simulations. (d) RMSD of residues for all simulations. (e) Cα
root mean square fluctuation (RMSF) of residues for all simulations. (f) Average subunit binding energies calculated from the simulated
structures. (g, h) The time-course changes in subunit binding energies of electrostatic (g) and hydrophobic (h).
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bonds of Cys241; for C9Y and C241S, there were a total of
three hydrogen bonds. The free thiol contents and
hydrogen bond of the variants may explain why C9Y had
less enzymatic activity than C241S and why C241S
presented a milder phenotype [14, 15].

Consistent with previous results, oxidative stresses
modified the structure and decreased the stability of the
Cys variant proteins [47, 52]. The perturbation of the
disulfide-bonding network favored hydrophobic side chain
exposure, which was consistent with a previous study [46].
H2O2, considered an important redox signaling molecule,
could cause oxidation of thiol groups of Cysteines in target
proteins [53]. Substitution by Cys has been shown to
increase sensitivity to oxidative stress in various diseases
[54–56]. In our case, conversely, the Cys residues were
replaced with other amino acids. Surprisingly, however, at
both the purified protein level and the cellular level, we
found the Cys mutation increased the susceptibility to oxi-
dase stress (Figures 4 and 5). After H2O2 treatment, the
C9Y formed more of the larger oligomers observed in the
nonreducing PAGE gels. To the best of our knowledge, this
is the first study to demonstrate that PMM2 would form
aggregates in cells. The Cys variants could inhibit cell growth
and promote cell apoptosis under oxidizing stress. It may
provide a new horizon that PMM2 mutation may not only
changed the enzymatic activity of PMM2 but also affected
the cell viability. Of course, it is possible that decreased cell
viability is the indirect result of decreased enzymatic activity.

Previous thermal stability results indicated that PMM2
variants were less stable than the WT [15]. In our work,
we obtained a similar conclusion: The A400 turbidity curve
showed a significant increase over time and plateaued at
4 h (Figure 2(a)). Trp and ANS fluorescence curves indicated
that a large hydrophobicity surface was exposed after 37°C
treatment (Figures 2(b) and 2(d)). Far-CD spectra result
suggested that most of the variants lost their fold structure
at physiological temperature, namely, 37°C (Figure 2(c)).
Most of the Cys variants were unstable and were present in
the precipitated fraction after treatment at 37°C for 4 h
(Figures 2(e) and 2(f)). Further thermal aggregation results
and Uncle data showed the Cys variants disrupted the com-
pact domain organization and that the variants were prone
to forming more massive aggregates (Figure 3). Meanwhile,
we tested the protein stability in vivo by cycloheximide
and got similar results that the C9Y and C241S mutants
showed faster degradation rate than that of EGFP-N1 and
WT in HEK293T cells (supplement Figure 4). Combined
with the spectroscopic results shown in Figures 1 and 6, it is
possible that the Cys mutation destabilized the core domain
of PMM2.

Approximately 20% of human proteins are predicted to
contain a disulfide bond [57]. Combined with the free thiol
assay results and susceptibility to oxidative stresses, the
changes that were observed in the stability and folding of
the PMM2 protein in response to rupture of the disulfide
bond were similar to those of some prion proteins [46].
We hypothesized that the disulfide bond in C9 and C241
stabilized the core structure much like the pincers of a crab.
When one of the Cys residues was substituted, the core

domain became loose, as indicated by the experimental data.
The number of free thiols for C241S did not change, and
C241S presented a milder clinical phenotype than C9Y
[21]. This may have been due to the occurrence of unwanted
intermolecular disulfide bonding as C241 was located at the
C-terminus. From the MS data, for C241S variant, we
guessed C9 may form disulfide bond with C136. That could
explain why C241S had a free thiol content that was similar
to that of the WT (Table 1). Furthermore, the potential
disulfide bonding could explain why C9Y and C241S were
not in accord with the expectation that the Cys residues
would become more sensitive to oxidative stresses. In this
case, the disulfide bonds were covalent bonds between sulfur
atoms of cysteine residues, which could stabilize the struc-
ture of PMM2.

Patients with PMM2-CDG have a life-threatening insuf-
ficiency; thus, more effective drugs warrant to be developed.
However, celastrol, recently proposed as a potential rescuer
of PMM2 activity [7], did not change the Cys variants pro-
tein level in either nonreducing PAGE gels or reducing
PAGE gels (Figure 5). And our results of molecular docking
simulation revealed that celastrol did not interact at the
mutation sites and no protective effects on the Cys variants.
In this project, we have documented for the first time that
PMM2 variants form aggresomes, inhibit cell growth, and
promote cell apoptosis, especially under environmental
stress (thermal and oxidative). Furthermore, we proposed
Cys and potential disulfide bond may have a significant
effect on the conformation and thermal stability of the
PMM2. These results provide proof-of-concept regarding
the clinical treatment of PMM2-CDG. Beyond pharmacologi-
cal chaperones, combinations with antioxidation reagents
merit investigation as treatments. Our study contributed to fill
in the knowledge gap in terms of PMM2 mechanisms, and
accordingly, the early detection of patients at risk and develop-
ment of prevention and treatment strategies could be con-
ducted by future studies.

Data Availability

The original data used to support the findings of this study
are available from the corresponding author upon request.

Conflicts of Interest

The authors declare no competing interests.

Authors’ Contributions

Lidan Hu and Jianhua Mao conceived, designed, and
supervised the research. Fan Yu, Li Lin, and Jingmiao
Sun performed the experiments. Liangjian Ma, Jicheng
Pan, Yixin Liao, and Guannan Bai identified pathogenic
variants. Lidan Hu, Jianhua Mao, Fan Yu, and Li Lin per-
formed data analyses. Lidan Hu wrote the manuscript. All
authors have read and approved the final version of the
manuscript. Fan Yu, Li Lin, and Jingmiao Sun contributed
equally to this work.

14 Oxidative Medicine and Cellular Longevity



Acknowledgments

I am extremely grateful to all members of the Hu Lab and
Mao Lab, past and present, for the interesting discussions
and great contributions to the project. We thank Dr.
Xiangjun Chen for the helpful suggestions on this manu-
script. I thank the National Clinical Research Center for
Child Health for the great support. This study was financially
supported by the grant of the Natural Science Foundation of
Zhejiang Province (No. LQ22C070004) to Lidan Hu and by
the grant of the National Natural Science Foundation of
China (U20A20351, 81770710) to Jianhua Mao.

Supplementary Materials

Supplement Figure 1: analysis the enzymatic activity of
purified WT-PMM2. Supplement Figure 2: the molecular
docking simulation of celastrol by AutoDock Vina software.
Supplement Figure 3: analysis the structural difference by
MD. (A) The last frames of the MD equilibrations were used
as structures for further analysis. (B) Analysis the hydrogen
bonding of Cys9 (shown with green color) and Cys241
(shown with red color). Supplement Figure 4: the CHX-
mediated protein stability assay of EGFP-N1, WT, C9Y,
and C241S mutants. (A) Cells were harvested at the indi-
cated times (0, 2, 4, 6, 8, and 12h) after treatment of
100μg/mL CHX and analyzed by Western blotting of GFP.
GAPDH was used as a loading control. (B) The relative
amounts of GFP for the Western blots shown in (A) were
determined by densitometry and corrected for loading
against GAPDH. The ratio of relative densitometry value
at each time to 0 h is presented on the line chart.
(Supplementary Materials)

References

[1] C. Lam and D. M. Krasnewich, “PMM2-CDG,” in GeneRe-
views(®), University of Washington, Seattle Copyright © 1993-
2021, M. P. Adam, H. H. Ardinger, R. A. Pagon, S. E. Wallace,
L. J. H. Bean, K. W. Gripp, G. M. Mirzaa, and A. Amemiya,
Eds., University of Washington, Seattle (WA), 1993.

[2] T. J. de Koning, L. Dorland, O. P. van Diggelen et al., “A novel
disorder of N-glycosylation due to phosphomannose isomer-
ase deficiency,” Biochemical and Biophysical Research Commu-
nications, vol. 245, no. 1, pp. 38–42, 1998.

[3] G. Matthijs, E. Schollen, E. Pardon et al., “Mutations in PMM2,
a phosphomannomutase gene on chromosome 16p13 in
carbohydrate-deficient glycoprotein type I syndrome (Jaeken
syndrome),” Nature Genetics, vol. 16, no. 1, pp. 88–92, 1997.

[4] M. Schiff, C. Roda, M. L. Monin et al., “Clinical, laboratory
and molecular findings and long-term follow-up data in 96
French patients with PMM2-CDG (phosphomannomutase
2-congenital disorder of glycosylation) and review of the
literature,” Journal of Medical Genetics, vol. 54, no. 12,
pp. 843–851, 2017.

[5] R. Altassan, R. Péanne, J. Jaeken et al., “International clinical
guidelines for the management of phosphomannomutase
2-congenital disorders of glycosylation: diagnosis, treatment
and follow up,” Journal of Inherited Metabolic Disease,
vol. 42, no. 1, pp. 5–28, 2019.

[6] P. Yuste-Checa, S. Brasil, A. Gámez et al., “Pharmacological
chaperoning: a potential treatment for PMM2-CDG,” Human
Mutation, vol. 38, no. 2, pp. 160–168, 2017.

[7] A. Vilas, P. Yuste-Checa, D. Gallego et al., “Proteostasis regu-
lators as potential rescuers of PMM2 activity,”Molecular Basis
of Disease, vol. 1866, no. 7, article 165777, 2020.

[8] G. Andreotti, E. Pedone, A. Giordano, and M. V. Cubellis,
“Biochemical phenotype of a common disease-causing muta-
tion and a possible therapeutic approach for the phosphoman-
nomutase 2-associated disorder of glycosylation,” Molecular
Genetics & Genomic Medicine, vol. 1, no. 1, pp. 32–44, 2013.

[9] S. C. Grünert, T. Marquardt, E. Lausch et al., “Unsuccessful
intravenous D-mannose treatment in PMM2-CDG,” Orpha-
net Journal of Rare Diseases, vol. 14, no. 1, p. 231, 2019.

[10] Z. Li, C. Zhu, Y. Ding, Y. Fei, and B. Lu, “ATTEC: a potential
new approach to target proteinopathies,” Autophagy, vol. 16,
no. 1, pp. 185–187, 2020.

[11] L. Huang, T. Agrawal, G. Zhu et al., “DAXX represents a new
type of protein-folding enabler,” Nature, vol. 597, no. 7874,
pp. 132–137, 2021.

[12] S. Tomoshige and M. Ishikawa, “PROTACs and other
chemical protein degradation technologies for the treatment
of neurodegenerative disorders,” Angewandte Chemie Interna-
tional Edition, vol. 60, no. 7, pp. 3346–3354, 2021.

[13] R. Sharma, T. Srivastava, A. R. Pandey et al., “Identification of
natural products as potential pharmacological chaperones for
protein misfolding diseases,” ChemMedChem, vol. 16, no. 13,
pp. 2146–2156, 2021.

[14] A. I. Vega, C. Pérez-Cerdá, D. Abia et al., “Expression analysis
revealing destabilizing mutations in phosphomannomutase 2
deficiency (PMM2-CDG),” Journal of Inherited Metabolic
Disease, vol. 34, no. 4, pp. 929–939, 2011.

[15] P. Yuste-Checa, A. Gámez, S. Brasil et al., “The effects of
PMM2-CDG-causing mutations on the folding, activity, and
stability of the PMM2 protein,” Human Mutation, vol. 36,
no. 9, pp. 851–860, 2015.

[16] A. Gámez, P. Yuste-Checa, S. Brasil et al., “Protein misfolding
diseases: prospects of pharmacological treatment,” Clinical
Genetics, vol. 93, no. 3, pp. 450–458, 2018.

[17] K. Mukaigasa, T. Tsujita, V. T. Nguyen et al., “Nrf 2 activation
attenuates genetic endoplasmic reticulum stress induced by a
mutation in the phosphomannomutase 2 gene in zebrafish,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 115, no. 11, pp. 2758–2763, 2018.

[18] C. Thiel, T. Lübke, G. Matthijs, K. von Figura, and C. Körner,
“Targeted disruption of the mouse phosphomannomutase 2
gene causes early embryonic lethality,”Molecular and Cellular
Biology, vol. 26, no. 15, pp. 5615–5620, 2006.

[19] A. Briso-Montiano, F. Del Caño-Ochoa, A. Vilas et al., “Insight
on molecular pathogenesis and pharmacochaperoning poten-
tial in phosphomannomutase 2 deficiency, provided by novel
human phosphomannomutase 2 structures,” Journal of Inher-
ited Metabolic Disease, vol. 45, no. 2, pp. 318–333, 2022.

[20] M. Schwartz, “Carbohydrate-deficient glycoprotein syndrome
type 1A: expression and characterisation of wild type and
mutant PMM2 in E. coli,” European Journal of Human Genet-
ics, vol. 7, no. 8, pp. 884–888, 1999.

[21] C. Bjursell, A. Erlandson, M. Nordling et al., “PMM2mutation
spectrum, including 10 novel mutations, in a large CDG type
1A family material with a focus on Scandinavian families,”
Human Mutation, vol. 16, no. 5, pp. 395–400, 2000.

15Oxidative Medicine and Cellular Longevity

https://downloads.hindawi.com/journals/omcl/2023/5964723.f1.docx


[22] C. Le Bizec, S. Vuillaumier-Barrot, A. Barnier, T. Dupre,
G. Durand, and N. Seta, “A new insight into PMM2 mutations
in the French population,” Human Mutation, vol. 25, no. 5,
pp. 504-505, 2005.

[23] J. M. Held, “Redox systems biology: harnessing the sentinels of
the cysteine redoxome,” Antioxidants & Redox Signaling,
vol. 32, no. 10, pp. 659–676, 2020.

[24] L. B. Poole, “The basics of thiols and cysteines in redox biology
and chemistry,” Free Radical Biology & Medicine, vol. 80,
pp. 148–157, 2015.

[25] D. E. Fomenko, S. M. Marino, and V. N. Gladyshev,
“Functional diversity of cysteine residues in proteins and
unique features of catalytic redox-active cysteines in thiol oxi-
doreductases,”Molecules and Cells, vol. 26, no. 3, pp. 228–235,
2008.

[26] H. Qiu, D. M. Honey, J. S. Kingsbury et al., “Impact of cysteine
variants on the structure, activity, and stability of recombinant
human α-galactosidase A,” Protein Science, vol. 24, no. 9,
pp. 1401–1411, 2015.

[27] J. Veno, R. Rahman, M. Masomian, M. S. M. Ali, and N. H. A.
Kamarudin, “Insight into improved thermostability of cold-
adapted staphylococcal lipase by glycine to cysteine mutation,”
Molecules, vol. 24, no. 17, p. 3169, 2019.

[28] L. Xu, H. Cao, C. Huang, and L. Jia, “Oriented immobilization
and quantitative analysis simultaneously realized in sandwich
immunoassay via His-tagged nanobody,” Molecules, vol. 24,
no. 10, p. 1890, 2019.

[29] E. Bourdon, N. Loreau, L. Lagrost, and D. Blache, “Differential
effects of cysteine and methionine residues in the antioxidant
activity of human serum albumin,” Free Radical Research,
vol. 39, no. 1, pp. 15–20, 2005.

[30] S. Vuillaumier-Barrot, G. Hetet, A. Barnier et al., “Identifica-
tion of four novel PMM2 mutations in congenital disorders
of glycosylation (CDG) Ia French patients,” Journal of Medical
Genetics, vol. 37, no. 8, pp. 579-580, 2000.

[31] R. R. Burgess, “A brief practical review of size exclusion chro-
matography: rules of thumb, limitations, and troubleshoot-
ing,” Protein Expression and Purification, vol. 150, pp. 81–85,
2018.

[32] E. R. S. Kunji, M. Harding, P. J. G. Butler, and P. Akamine,
“Determination of the molecular mass and dimensions of
membrane proteins by size exclusion chromatography,”
Methods, vol. 46, no. 2, pp. 62–72, 2008.

[33] P. G. Squire, “A relationship between the molecular weights of
macromolecules and their elution volumes based on a model
for Sephadex gel filtration,” Archives of Biochemistry and Bio-
physics, vol. 107, no. 3, pp. 471–478, 1964.

[34] K. J. Wang, X. Y. Liao, K. Lin et al., “A novel F30S mutation in
γS-crystallin causes autosomal dominant congenital nuclear
cataract by increasing susceptibility to stresses,” International
Journal of Biological Macromolecules, vol. 172, pp. 475–482,
2021.

[35] K. K. Turoverov, S. Y. Haitlina, and G. P. Pinaev, “Ultra-violet
fluorescence of actin. Determination of native actin content
in actin preparations,” FEBS Letters, vol. 62, no. 1, pp. 4–6,
1976.

[36] J. J. Gorman, T. P. Wallis, and J. J. Pitt, “Protein disulfide bond
determination by mass spectrometry,” Mass Spectrometry
Reviews, vol. 21, no. 3, pp. 183–216, 2002.

[37] V. Westphal, S. Peterson, M. Patterson et al., “Functional sig-
nificance of PMM2 mutations in mildly affected patients with

congenital disorders of glycosylation Ia,” Genetics in Medicine,
vol. 3, no. 6, pp. 393–398, 2001.

[38] J. Xu, H. Wang, A. Wang et al., “βB2 W151R mutant is prone
to degradation, aggregation and exposes the hydrophobic side
chains in the fourth Greek Key motif,” Biochimica et Biophy-
sica Acta (BBA) - Molecular Basis of Disease, vol. 1867, no. 2,
article 166018, 2021.

[39] X. Li, Z. Xu, X. Hong, Y. Zhang, and X. Zou, “Databases and
bioinformatic tools for glycobiology and glycoproteomics,”
International Journal of Molecular Sciences, vol. 21, no. 18,
p. 6727, 2020.

[40] J. L.Wiggs and L. R. Pasquale, “Genetics of glaucoma,”Human
Molecular Genetics, vol. 26, no. R1, pp. R21–r27, 2017.

[41] H. Demirbilek and K. Hussain, “Congenital hyperinsulinism:
diagnosis and treatment update,” Journal of Clinical Research
in Pediatric Endocrinology, vol. 9, Suppl 2, pp. 69–87, 2017.

[42] T. Peng, C. Lv, H. Tan et al., “Novel PMM2missense mutation
in a Chinese family with non-syndromic premature ovarian
insufficiency,” Journal of Assisted Reproduction and Genetics,
vol. 37, no. 2, pp. 443–450, 2020.

[43] E. F. Carney, “PMM2mutation causes PKD and hyperinsulin-
ism,” Nature Reviews. Nephrology, vol. 13, no. 6, p. 321, 2017.

[44] L. Vaes, D. Rymen, D. Cassiman et al., “Genotype-phenotype
correlations in PMM2-CDG,” Genes, vol. 12, no. 11, p. 1658,
2021.

[45] T. Bosma, R. Rink, M. A. Moosmeier, and G. N. Moll, “Genet-
ically encoded libraries of constrained peptides,” Chembio-
chem, vol. 20, no. 14, pp. 1754–1758, 2019.

[46] L. Ning, J. Guo, N. Jin, H. Liu, and X. Yao, “The role of Cys179-
Cys214 disulfide bond in the stability and folding of prion pro-
tein: insights from molecular dynamics simulations,” Journal
of Molecular Modeling, vol. 20, no. 2, p. 2106, 2014.

[47] W. J. Zhao and Y. B. Yan, “Increasing susceptibility to
oxidative stress by cataract-causing crystallin mutations,”
International Journal of Biological Macromolecules, vol. 108,
pp. 665–673, 2018.

[48] D. Das and J. Hong, “Irreversible kinase inhibitors targeting
cysteine residues and their applications in cancer therapy,”
Mini Reviews in Medicinal Chemistry, vol. 20, no. 17,
pp. 1732–1753, 2020.

[49] K. K. Hallenbeck, D. M. Turner, A. R. Renslo, andM. R. Arkin,
“Targeting non-catalytic cysteine residues through structure-
guided drug discovery,” Current Topics in Medicinal Chemis-
try, vol. 17, no. 1, pp. 4–15, 2017.

[50] A. Carija, S. Navarro, N. S. de Groot, and S. Ventura, “Protein
aggregation into insoluble deposits protects from oxidative
stress,” Redox Biology, vol. 12, pp. 699–711, 2017.

[51] H. Kikuchi, Y. Goto, and K. Hamaguchi, “Reduction of the
buried intrachain disulfide bond of the constant fragment of
the immunoglobulin light chain: global unfolding under phys-
iological conditions,” Biochemistry, vol. 25, no. 8, pp. 2009–
2013, 1986.

[52] W. J. Zhao, J. Xu, X. J. Chen, H. H. Liu, K. Yao, and Y. B. Yan,
“Effects of cataract-causing mutations W59C and W151C on
βB2-crystallin structure, stability and folding,” International
Journal of Biological Macromolecules, vol. 103, pp. 764–770,
2017.

[53] Y. Tian, M. Fan, Z. Qin et al., “Hydrogen peroxide positively
regulates brassinosteroid signaling through oxidation of the
BRASSINAZOLE-RESISTANT1 transcription factor,” Nature
Communications, vol. 9, no. 1, p. 1063, 2018.

16 Oxidative Medicine and Cellular Longevity



[54] A. I. Alayash, “βCysteine 93 in human hemoglobin: a gateway
to oxidative stability in health and disease,” Laboratory Inves-
tigation, vol. 101, no. 1, pp. 4–11, 2021.

[55] N. Fujiwara, M. Nakano, S. Kato et al., “Oxidative modification
to cysteine sulfonic acid of Cys111 in human copper-zinc
superoxide dismutase∗,” The Journal of Biological Chemistry,
vol. 282, no. 49, pp. 35933–35944, 2007.

[56] A. P. Vintém, N. T. Price, R. B. Silverman, and R. R. Ramsay,
“Mutation of surface cysteine 374 to alanine in monoamine
oxidase a alters substrate turnover and inactivation by cyclo-
propylamines,” Bioorganic & Medicinal Chemistry, vol. 13,
no. 10, pp. 3487–3495, 2005.

[57] X. Gao, X. Dong, X. Li, Z. Liu, and H. Liu, “Prediction of disul-
fide bond engineering sites using a machine learning method,”
Scientific Reports, vol. 10, no. 1, article 10330, 2020.

17Oxidative Medicine and Cellular Longevity


	Cysteine Pathogenic Variants of PMM2 Are Sensitive to Environmental Stress with Loss of Structural Stability
	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Plasmid and Site-Directed Mutagenesis
	2.3. Expression and Purification of Recombinant PMM2
	2.4. Size Exclusion Chromatography (SEC), SDS-PAGE Analysis, and Protein Solubility
	2.5. Spectroscopy Experiments
	2.6. Free Thiol Measurement
	2.7. Cell Culture, Cell Transfection, and Immunofluorescence
	2.8. Cell Apoptosis Assay
	2.9. Cell Viability
	2.10. Western Blot
	2.11. Molecular Dynamic Simulations
	2.12. Protein Disulfide Bond Determination by Mass Spectrometry (MS)
	2.13. Data Analysis and Visualization

	3. Results
	3.1. Cys Substitution Impaired the Secondary and Tertiary Structures of PMM2 and Decreased Protein Solubility
	3.2. Cys Substitution Impaired the Structural Stability at Physiological Temperature
	3.3. The Mutation Increased PMM2 Susceptibility to Heat Shock
	3.4. The Cys Substitution of PMM2 Caused More Aggregates and Higher Cellular Apoptosis under Oxidative Stress
	3.5. The Cysteine Variants Led to More Flexible Structure Identified by MD

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials



