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Abstract

Glucose-6-phosphatase-a (G6Pase-a) catalyzes the hydrolysis of glucose-6-phosphate to glucose and functions as a key
regulator in maintaining blood glucose homeostasis. Deficiency in G6Pase-a causes glycogen storage disease la (GSD1a),
an inherited disorder characterized by life-threatening hypoglycemia and other long-term complications. We have developed
a potential mRNA-based therapy for GSD1a and demonstrated that a human G6Pase-o (hG6Pase-a) variant harboring a
single serine (S) to cysteine (C) substitution at the amino acid site 298 (S298C) had > twofold increase in protein expression,
resulting in improved in vivo efficacy. Here, we sought to investigate the mechanisms contributing to the increased expres-
sion of the S298C variant. Mutagenesis of hG6Pase-a identified distinct protein variants at the 298 amino acid position
with substantial reduction in protein expression in cultured cells. Kinetic analysis of expression and subcellular localization
in mammalian cells, combined with cell-free in vitro translation assays, revealed that altered protein expression stemmed
from differences in cellular protein stability rather than biosynthetic rates. Site-specific mutagenesis studies targeting other
cysteines of the hG6Pase-o S298C variant suggest the observed improvements in stability are not due to additional disulfide
bond formation. The glycosylation at Asparagine (N)-96 is critical in maintaining enzymatic activity and mutations at posi-
tion 298 mainly affected glycosylated forms of hG6Pase-a. Finally, proteasome inhibition by lactacystin improved expression
levels of unstable hG6Pase-a variants. Taken together, these data uncover a critical role for a single amino acid substitution
impacting the stability of G6Pase-a and provide insights into the molecular genetics of GSD1a and protein engineering for
therapeutic development.
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Introduction

Glucose-6-phosphatase (G6Pase), which catalyzes the
hydrolysis of glucose-6 phosphate (G6P) to glucose and
inorganic phosphate, is a key enzyme operating in the
last step of both glycogenolysis and gluconeogenesis and
plays an essential role in maintaining glucose homeostasis
in mammals (Foster and Nordlie 2002; Schaftingen and
Gerin 2002; Hutton and O’Brien 2009). Three types of
mammalian G6Pase homologues, encoded by three dis-
tinct genes (G6PC or G6PCI1, G6PC2, and G6PC3) with
unique tissue distribution patterns, have been identified so
far (Lei et al. 1993; Arden et al. 1999; Martin et al. 2002).
Among them, G6PC (encoding glucose-6-phosphatase-
alpha, G6Pase-a) is predominantly expressed in liver and
kidney where it functions as a key regulator in maintain-
ing euglycemia in the fasted state (Hutton and O’Brien
2009; Chou et al. 2010). Mutations in the G6PC gene
cause glycogen storage disease typela (GSD1a) (Online
Mendelian Inheritance in Man, OMIM # 232200), which
is an autosomal recessive disorder with an incidence of 1
in 125,000 (Chou et al 2015). GSD1a is characterized by
severe fasting hypoglycemia due to a failure in generating
endogenous glucose from G6P. As a result, deficiency of
G6Pase-a leads to accumulation of G6P, an intermedi-
ate metabolite of multiple metabolic pathways, causing
abnormal accumulation of macromolecules including gly-
cogen and triglycerides in affected organs such as the liver
and kidneys and subsequent hepatomegaly, nephromegaly,
and metabolic imbalances in circulation presented as lac-
tic acidemia, hypertriglyceridemia, hyperuricemia, hyper-
cholesterolemia (Chou et al. 2010, 2015). The long-term
complications of GSD1a include hepatocellular adenomas
and carcinomas (HCA/HCC) and end-stage kidney disease
(Chou et al. 2010, 2015).

The current standard-of-care for GSD1a relies on strict
dietary management aimed at maintaining euglycemia.
This is achieved by frequent feeding of uncooked or mod-
ified cornstarch (for adults or older children) or gastric
drip feeding of glucose (for younger children or infants)
(Greene et al. 1976; Correia et al. 2008; Shah and O’Dell
2013). However, the effectiveness of dietary management
on long-term metabolic complications including hepato-
cellular adenomas and carcinomas (HCAs/HCCs) remains
unproven and its long-term therapeutic window has been
reported to be narrow (Franco et al. 2005; Wang et al.
2011; Calderaro et al. 2012; Derks et al. 2017; Steunen-
berg et al. 2018).

Currently, gene therapies that use viral vectors are being
pursued as additional treatment options for GSD1a patients
and have shown promise in correcting hypoglycemia and
preventing other metabolic abnormalities in GSD1a animal
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models (Zingone et al. 2000; Clar et al. 2015; Lee et al.
2015; Kim et al. 2017) and in a clinical trial (Weinstein
2020) (NCT03517085). However, the clinical application
of these approaches remains limited due to the gradual
loss of transgene expression over time, the potential risk
of genotoxicity, and pre-existing neutralizing antibodies
(Hareendran et al. 2013). Enzyme replacement therapy
(ERT) has proven successful in treating inherited meta-
bolic diseases, such as lysosomal storage diseases (Parenti
et al. 2015). However, GSD1a ERT is challenging, mainly
because the affected G6Pase-a is a multi-transmembrane
protein localized deep in the endoplasmic reticulum (ER)
membrane, prohibiting delivery of exogenously produced
functional protein to deficient cells.

We and others have used mRNA-based technology as a
platform to deliver proteins in vivo to restore activity and
overcome deficiencies in inherited metabolic diseases. This
novel platform utilizes endogenous intracellular machinery
for the production and localization of therapeutic proteins,
which circumvents the challenges of delivering transmem-
brane proteins by traditional ERT. The potential of mRNA-
based therapies has been demonstrated in preclinical animal
models for many liver metabolic diseases, including those
that are caused by deficiency of transmembrane proteins
localized in the ER, mitochondria, and lysosomes, or on
the cell surface (An et al. 2017; Jiang et al. 2018; Roseman
et al. 2018; Trepotec et al. 2018; Berraondo et al. 2019; Cao
et al. 2019; DeRosa et al. 2019; Martini and Guey 2019;
Truong et al. 2019; Zhu et al. 2019). Recently, we and oth-
ers have also showed that delivery of G6Pase-a encoding
mRNA via lipid nanoparticles not only restored euglycemia
and alleviated GSD1a-associated metabolic abnormalities
such as hepatic glycogen accumulation, but also prevented
liver tumor formation in a mouse model of GSD1a (Rose-
man et al. 2018; Cao et al. 2021). Based on the favorable
efficacy and safety profiles in preclinical studies, this engi-
neered mRNA for GSD1a (mRNA-3745) is being evaluated
in a clinical trial (NCT05095727).

To improve the potency of mRNA-based therapies for
GSDl1a, we have employed a computer-aided protein engi-
neering approach to enhance translation, stability, and activ-
ity. To this end, we have conducted a sequence alignment
analysis using > 100 mammalian orthologues of G6Pase-a,
with the hypothesis that consensus (i.e., most frequently
used) residues in a family of G6Pases may be favorable for
stability and/or function. This led to identification of con-
sensus amino acid residues that differ from human G6Pase-a
at more than 36 positions (Cao et al. 2021). Screening the
top ten consensus residues-targeted hG6PC mRNA variants,
each of which encodes a protein mutant with a single amino
acid substitution, yielded three hG6Pase-a substitutions with
improved protein expression and activity: a glutamine (Q)
to arginine (R) substitution at positions 139 (Q139R) or 247
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(Q247R), or a serine (S) to cysteine (C) substitution at posi-
tion 298 (S298C) (Cao et al. 2021). Notably, the protein vari-
ant S298C was found to have > twofold increase in protein
expression levels compared to wild-type human G6Pase-a
(hG6Pase-a) (Cao et al. 2021), consistent with other reports
(Zhang et al. 2019, 2020). In the present study, we sought
to investigate the cellular and molecular mechanism(s) con-
tributing to such an improvement. Our findings uncover a
critical role that a single amino acid residue can play in
determining the expression and stability of hG6Pase-a.
Additionally, we have also studied the effect of the N-linked
glycosylation on the expression and activity of hG6Pase-o
in cell-based models.

Materials and methods
mRNA production

Complete N1-methylpseudouridine substituted mRNA was
synthesized in vitro from a linearized DNA template con-
taining the 5’ and 3’ untranslated regions (UTRs) and a poly-
A tail, as previously described (Richner et al. 2017). After
purification, the mRNA was diluted in citrate buffer to the
desired concentration and frozen (An et al. 2018).

Mammalian cell culture and transfection

HeLa cells were obtained from ATCC and maintained in
DMEM media (10% FBS, v/v) at 37 °C supplied with 5%
CO,. One day prior to transfection, 120,000 cells/well were
seeded on 6-well plates, resulting in ~50-70% confluency
on the day of transfection. Cells were transfected with 0.5 pg
of mRNA using Lipofectamine 2000 or Messenger MAX™
(Invitrogen) by following manufacturer’s protocol. At vari-
ous time points (272 h) post-transfection, cells were har-
vested and used for protein expression or enzymatic activ-
ity measurements. Under certain circumstances, 6 h after
transfection with indicated mRNA constructs, the cells were
allowed to continue incubating for 16 h in the medium sup-
plied with 0.1% (v/v) DMSO (vehicle) or lactacystin (EMD
Millipore Corp. USA) at 10 uM before they were collected
for protein expression analysis.

Protein expression analysis

hG6Pase protein expression levels in cell lysates were meas-
ured by standard immune blotting procedure, using the LI-
COR odyssey system. Total protein concentration of cell
lysates were quantified by Pierce® BCA Protein Assay kit
(Thermo Scientific). Samples were separated by 4-12%
SDS-PAGE gel and transferred to nitrocellulose mem-
branes by dry blotting system (iBlot2, Invitrogen). The target

proteins, hG6Pase-a, ERP72, and f-actin were probed with
primary antibodies anti-hG6Pase-a (1:500, HPA052324,
Atlas Antibodies), anti-ERP72 (1:500, D70D12, Cell Sign-
aling), and anti-B-actin (1:1000, 8H10D10, Cell Signaling),
respectively, followed by incubation with (IR)-labeled goat
anti-rabbit secondary antibody (1:5000, IRDye® 800CW,
LI-COR). IR-intensity signals were detected and quantified
by Odyssey CLx (LI-COR Biosciences).

G6Pase activity assay

G6Pase enzymatic activity was measured by the release of
inorganic phosphate from G6P using Taussky and Shorr’s
method (Taussky and Shorr 1953). Briefly, in a round bot-
tom 96-well plate, 40 ul of 200 mM G6P, 100-115 pl of
100 mM BIS-Tris buffer (pH 6.5) and 5-20 pl of transfected
cell lysates were added and incubated at 37 °C for 30 min.
Then, 40 pl of 20% (w/v) trichloroacetic acid (TCA) solution
was added to each well and incubated at room temperature
for at least 5 min to quench the reaction. Subsequently, the
reaction mixture was centrifuged at 1,800 g for 20 min to
sediment the precipitated protein and other debris. A portion
of supernatant (25-50 pl) was transferred to a new transpar-
ent flat-bottom 96-well plate and mixed with 50-75 ul of
distilled water and 100 pl of pre-made Taussky and Shorr’s
color reagent containing 1% ammonium molybdate, 5%
(w/v) Iron (II) sulfate, and 0.5 M sulfuric acid, followed by
incubation at room temperature for 5 min. Color develop-
ment in reactions was measured by absorbance at 660 nm
and the released inorganic phosphate (Pi) was determined
based on a series of Pi standards. Final G6Pase enzymatic
activity was expressed as amount of Pi (nmol) released
per mg of total protein per minute of reaction time (nmol/
min/mg total protein). The total protein concentration in
cell lysates was determined by the BCA assay as described
above.

Immunocytochemistry analysis

HeLa cells were plated in 96-well, glass bottom plates
(655,892, Greiner Bio-One) using recommended culturing
conditions, at a density of 15,000 cells per well. Cells were
either kept non-transfected or transfected with the hG6PC
mRNA or relevant variants (50 ng/well) using Lipofectamine
2000. At a predetermined time point (0—72 h) post-transfec-
tion, the cells were fixed in 4% (w/v) PFA, permeabilized in
0.5% (v/v) Triton X100, blocked in 1% (w/v) BSA and fol-
lowed by immunofluorescent staining with anti-G6Pase rab-
bit Ab (1:50, HPA052324, Sigma) and anti-Calnexin mouse
Ab (1:500, MA-15389, Thermo) to examine the ER locali-
zation. Secondary antibody incubation was used to amplify
the signal (1:1000, goat anti-rabbit Alexa 488 and goat
anti-mouse Alexa 647 respectively). The cells were counter
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stained with DAPI for nuclei visualization. For image acqui- 45 fields of view (~ 20 cells each) have been imaged for each

sition and co-localization analysis, samples were imaged on ~ sample. The hG6Pase was imaged with the 488-nm laser
the Opera Phenix spinning disk confocal microscope (Perkin line, the ER marker Calnexin was imaged with the 647-nm
Elmer), using a 63X water immersion objective (NA 1.15). laser line, and the nuclear stain was imaged with the 405-nm
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«Fig. 1 Protein expression and G6Pase enzymatic activity of
hG6Pase-o variants directed by hG6PC mRNA constructs. A Topo-
logical analysis of hG6Pase-a shows a nine-transmembrane span-
ning ER enzyme. Black dots: locations of Q139, Q247, and S298 for
targeted substitutions. Blue dots: residues directly involved in enzy-
matic activity. B and C protein expression (B) and G6Pase enzymatic
activity (C) of hG6Pase-a variants encoded by hG6PC mRNA con-
structs encoding wild-type protein (WT) or protein variants contain-
ing a point mutation as indicated. D and E protein expression (D)
and G6Pase enzymatic activity (E) of WT and the S298C hG6Pase-o
variants encoded by two different codons at the mutated site. The
mRNA constructs were transfected into HeLa cells and examined for
protein expression and G6Pase activity in cell lysates at 48-h post-
transfection, as described under “Materials and methods”. For pro-
tein expression analysis, the quantified signals from the hG6Pase-o
variants were also normalized by Erp72, a house-keeping ER marker
protein. Data were shown as percentage of wild-type (WT) group and
presented as mean+SEM of n=3 samples from independent trans-
fections. *p <0.05; *¥p <0.01; ***p <0.00, ****p <0.0001. ns non-
significant

laser line. A z-stack of five optical sections spanning 2.5 um
were acquired for all three channels.

Statistical analysis

All data are shown as means + SEM. For statistical analy-
sis, significance was determined using an unpaired ¢-test
between different groups. A p-value of <0.05 was statisti-
cally significant. *, ** *¥%_ and **** were used to define
significant levels at p <0.05, p<0.01, p<0.001, and
p <0.0001, respectively.

Results

Characterization of the hG6Pase-a variants
with enhanced cellular expression by site-specific
alanine substitution and codon choice

Using a bioinformatics-aided approach, we have previously
identified three hG6Pase-o variants with improved protein
expression, each of which carries a single amino acid sub-
stitution: Q139R, Q247R, and S298C (Cao et al 2021). A
closer look at the sequence alignment of human G6Pase-o
and nineteen other mammalian homologues reveals that
all mammalian G6Pases except for those of human and a
limited number of non-human primates encode the three
consensus amino acids that confer improved protein expres-
sion (Supplementary Fig. 1, boxed). Predicted topological
analysis of hG6Pase-a (Fig. 1a) indicate that all three posi-
tions (marked as blacked dots) are located away from the
known catalytic center of hG6Pase-a (R83, H119, R170, and
H176, marked as blue dots). To further examine the specific-
ity of the benefit of these substitutions, we generated mRNA
mutants in which an alanine was substituted at each of the

corresponding positions (i.e., Q139A, Q247A, or S298A),
and tested their expression and activity in transfected cells
versus wild-type (WT) and the original consensus mutants.
Our results show that the alanine substitutions completely
abolished any gains in protein expression and activity con-
ferred by the consensus substitutions (Fig. 1b and 1c), con-
firming the specificity of benefit of these consensus substitu-
tions. Based on the levels of improvement, the increase in
activity conferred by Q139R, Q247R, or S298C is presum-
ably due to an elevated level of protein expression. Notably,
since S298C showed the greatest increase in both protein
expression and activity (Fig. 1b and 1c) we have focused on
this variant in the remainder of this report. Since cysteine is
encoded by the UGU and UGC codons, and different codon
usage may lead to a change in protein expression (Kudla
et al. 2009), we next tested whether a synonymous codon
substitution for cysteine at position 298 (298C) has any
impact. Our results show that the UGU- or UGC-encoded
298C resulted in similar improvements in protein expres-
sion and activity compared to the hG6PC mRNA encod-
ing wild-type amino acid sequence when transfected in
HeLa cells (Fig. 1d and 1le), suggesting that the choice of
cysteine-encoding codon at this position does not affect pro-
tein expression.

Characterization of expression of hG6Pase-a
variants at 5298 in a cell-free translating system

We next measured protein expression of hG6PC mRNA
variants in an in vitro cell-free translating (CFT) system
to test whether the 298C substitution alters protein transla-
tion in a cell-free environment. Our data clearly show that
WT and mutant constructs with either enhanced (S298C) or
unchanged (S298A) capability in protein expression in cul-
tured cells yielded nearly identical levels of protein expres-
sion in the CFT system (Supplementary Fig. 2), suggesting
that the impact of amino acid variations at the position 298
on expression are dependent on the integrity of the cells or
environment inside the living cells.

Identification and characterization of hG6Pase-a
variants at $298 with marked reduction in cellular
expression

While the S298C substitutions yielded a significant increase
in protein expression and activity, a proline substitution
mutant at the same position (S298P) has been previously
identified as a loss-of-function mutation that causes GSD1a
disease (Shieh et al. 2002). This is very intriguing since the
S298 resides within the eighth transmembrane domain of
hG6Pase-a that is not directly associated with its catalytic
activity (Fig. 1a). To gain further insights on the impact of
different amino acid residues at position 298 on hG6Pase-a
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protein expression and enzymatic activity, we next tested
threonine (T), tyrosine (Y), or proline (P) substitution vari-
ants in transfected HeLa cells. The T and Y substitutions
were tested mainly because they share physicochemical
properties with S. While the S298T substitution had no
impact on protein expression and enzymatic activity com-
pared to that of WT, a dramatic decrease in both measure-
ments was observed with the S298Y or S298P substitutions
(Fig. 2a and 2b). Again, the reduction in activity is presum-
ably due to a reduced level of protein production for Y or P
substitutions.

Kinetic analysis of cellular expression
and localization of hG6Pase-a variants

Our results demonstrate that a single amino acid substitution
at position 298 of hG6Pase-a could have a substantial impact
on its expression in mammalian cells. To further examine
the effect of these variants, we next performed a time-course
study in which protein expression and enzyme activity in
transfected cells were monitored for a wide range of post-
transfection time points (i.e., 2, 4, 6, 12, 24, 36, 48, and 72-h)
since our previous studies were mainly focused on 24-48 h.
Consistent with previous reports (Pan et al. 1998b; Shieh
et al. 2002), immunoblot analysis showed that the newly
synthesized hG6Pase-a migrated on the SDS-PAGE gel as
two bands with molecular masses of ~36- and ~ 32-kDa, rep-
resenting glycosylated and non-glycosylated forms, respec-
tively (Fig. 3a). hG6Pase-a protein expression and activity
could be detected as early as 2-h post-transfection, reach-
ing a peak at 12-24 h, and dropping to a minimal level at
72 h (Fig. 3a—e). Quantitative analysis of each of the two
forms in this kinetic study also shows that the enhancement
or reduction of protein production by S298C or S298P was
observed at all time points; however, the divergence appears

Fig.2 Protein expression (A) A
and G6Pase enzymatic activity
(B) of hG6Pase-o variants

directed by wild-type (WT) or

C
hG6PC mRNA variants with S 2001
additional targeted mutations at o
Ser-298. The experiments were 5_
performed as described under (>l<> 1504
“Materials and methods” and C —
legend for Fig. 1. Data were o l'g
shown as percentage of wild- "6 5 100+
type (WT) group and presented G 23
as mean + SEM of n=3 samples =
from independent transfections. o 504
*#p <0.01; ****p <0.0001 vs. 8
WT o

O

O
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more prominent between 12 to 36 h post-transfection. More
importantly, our data strongly suggest that the amino acid
substitutions at position 298 had a more profound effect on
the glycosylated versus non-glycosylated form (Fig. 3a, 3c
and 3d). Our results also show that G6Pase activity in cells
transfected with the S298P variant was minimal or undetect-
able despite a significant level of newly synthesized protein
mainly in its non-glycosylated form (Fig. 3a, 3d and 3e).

Since hG6Pase-a is an ER-anchored membrane protein
with 9 transmembrane alpha helices (Pan et al. 1998a)
(Fig. 1a), we next investigated the subcellular localization
of hG6Pase-a protein variants to learn whether the S298C
and S298P mutations cause any alteration in ER localiza-
tion. Confocal microscopy analysis shows that the newly
synthesized hG6Pase-a WT and the two variant proteins
encoded by modified mRNAs were localized to the ER since
their immunostaining signals (in green) overlaid well with
Calnexin, an ER marker (in red) (Fig. 3f). In contrast to
the high levels of protein expression and ER localization
of WT and S298C variants throughout the course of study
(Fig. 3f, middle panels), the S298P protein variant shows a
substantial loss of ER protein expression especially at late
time points (i.e., 24 or 48 h) despite a comparable level of
protein expression at early time points (i.e., 2 or 6 h) (Fig. 3f,
bottom panel).

Analysis of expression and activity of additional
hGé6Pase-a mutants targeting 5298

To further evaluate the specific contribution of cysteine at
position 298 on enhanced protein expression, this residue
was further modified to amino acids with diverse physico-
chemical properties, including hydrophobic amino acids
such as isoleucine (I), methionine (M), tryptophan (W),
and phenylalanine (F), histidine (H), and hydrophilic amino

B
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acids such as aspartic acid (D), asparagine (N), and argi-
nine (R), and assessed for their impact on protein expres-
sion and activity in cells transfected with the corresponding
mRNA constructs. We have also tested cysteine substitu-
tions at other positions including neighboring S297 and
1299, and other native serine (positions 15, 85, 278, and
356). The newly synthesized hG6Pase-o variants appeared
as both glycosylated and non-glycosylated forms in trans-
fected HeLa cells at 24-h post-transfection (we chose this
time point based on a high level of protein expression as
shown in Fig. 3), so we analyzed protein expression for each
form individually as well as in total and a ratio of the two
forms (Table 1). The results clearly showed that the cysteine
substitution at position 298 is unique in conferring enhanced
protein expression (and activity) since: (1) none of the other
mutations at the position 298 resulted in enhanced protein
expression and activity; to the contrary, similar to S298P and
S298Y as shown in Fig. 2, the majority of substitutions led
to substantial reduction or loss of protein expression (espe-
cially in the glycosylated form) and G6Pase activity; (2)
cysteine substitution at neighboring positions 297 or 299 did
not confer increased protein expression and activity; and (3)
cysteine substitutions at selected native serine sites across
the entire molecule (positions 15, 85, 278, and 356) also
failed to increase protein expression. Interestingly, it appears
that the mutations at position 298 have a more profound
effect on the newly synthesized hG6Pase-« in glycosylated
form versus the non-glycosylated form, and the changes
in activity levels are closely correlated with glycosylated,
but not non-glycosylated proteins (Table 1). Additionally,
the mutation of the N-glycosylated site at Asn96 to alanine
(N96A) completely abolished glycosylation and rendered the
protein inactive despite a large amount of non-glycosylated
protein being synthesized (Table 1).

Effect of cysteine-targeted mutations
on the expression and activity of hG6Pase-a $298C
variant

The introduction of an additional cysteine in the hG6Pase-o
S298C variant raised the possibility that it may partner with
another cysteine within the enzyme and form a new disulfide
bond, which might facilitate the folding process of the newly
synthesized protein and make it more stable. To explore this
possibility, we produced hG6PC mRNA constructs carrying
dual or paired mutations in which another cysteine of inter-
est was mutated to alanine or another amino acid without
a free sulthydryl (SH) group on the S298C backbone and
compared their expression and activity with the hG6Pase-a
variant carrying the single S298C mutation. To this end, we
have focused on three cysteine sites that are possibly in prox-
imity to 298C based on topology analysis (Supplementary
Fig. 3a) and structural prediction (Supplementary Fig. 3b)

(https://alphafold.ebi.ac.uk/entry/P35575): C284, C328, and
C344. We have also focused our protein expression analysis
on the glycosylated hG6Pase-a form since this is the pre-
dominant form and contributes the majority (if not all) of
the G6Pase activity introduced into the transfected HeLa
cells via WT or the S298C mutant (Fig. 3a—e and Table 1).
As shown in Fig. 4a and 4b, in comparison with the S298C
single mutant, the mRNA construct carrying the S298C/
C284A pair mutations was identified as the only candidate
resulting in a significant reduction in both protein expres-
sion and G6Pase activity. However, the C284A mutation
alone also led to decreased protein expression and G6Pase
activity when compared with the WT construct (Fig. 4c and
4d), obscuring the potential impact of a loss of disulfide
bonding between 298 and 284C. Therefore, we have gener-
ated additional mutants focused on C284 with both WT and
S298C backgrounds and examined their protein expression
and activity (Fig. 4c and 4d). The pair mutations (S298C/
C2848S, S298C/C284M, and S298C/C284V) did not result
in significantly reduced protein expression in comparison to
the S298C mutation alone (Fig. 4c and 4d). The observed
decrease in activity in pair mutations versus S298C mutation
alone is expected to be attributed to a reduction in intrinsic
activity of these C284 mutants, which also caused a reduc-
tion in activity levels when compared with WT control
(Fig. 4c and 4d). Collectively, the data do not lend suffi-
cient biochemical evidence supporting the role of a potential
disulfide bond between 298C and proximate cysteine at sites
284, 324, or 344.

Effect of lactacystin, a proteasome inhibitor,
on the expression of hG6Pase-a protein

As an ER-localized integral membrane protein with multiple
transmembrane domains, the newly synthesized mammalian
G6Pase is expected to follow the co-translational transloca-
tion pathway to insert into the ER membrane (Shao et al.
2017), and to undergo a quality control process to ensure that
only properly folded protein resides in the ER. The incor-
rectly folded protein is removed by an ER-associated protein
degradation (ERAD) pathway, in which the protein will be
pulled into the cytosol, poly-ubiquitinated, and degraded by
the proteasome (Wu and Rapoport 2018). We hypothesized
that the amino acid substitutions, especially those in the
transmembrane domains including the position 298, might
affect protein folding. For instance, the S298P and S298Y
variants might not reach a correctly folded state resulting in
rapid degradation. To test this hypothesis, we used a protea-
some inhibitor lactacystin (Fenteany et al. 1995). Treatment
of transfected cells with lactacystin significantly increased
the levels of glycosylated S298P and S298Y hG6Pase vari-
ants (Fig. 5), suggesting an active proteasome-mediated deg-
radation process for these variants, which causes a dramatic
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«Fig. 3 Kinetic analysis of protein expression (A-D, F) and G6Pase
enzymatic activity (E) of wild-type (WT) hG6Pase-a and its vari-
ants harboring S298C or S298P mutation in mammalian cells
transfected with hG6PC mRNA constructs. The mRNA constructs
were transfected into HeLa cells and examined for protein expres-
sion and G6Pase activity in cell lysates at different time (2 to 72 h)
post-transfection. Panel A represents a western blotting analysis of
wild-type hG6Pase-a and variants harboring the S298C or S298P
mutations, which migrated as two polypeptides (non-glycosylated
or glycosylated), especially at the time points between 6 and 48 h,
post-transfection. For protein expression analysis in panels B to D,
the quantified signals from the hG6Pase-a variants were normalized
by beta-actin. Panel E shows the G6Pase enzymatic activity in cell
lysates prepared at different time points post-transfection. F kinetic
analysis of subcellular expression and localization of wild-type
(WT) hG6Pase-a and its variants harboring S298C or S298P. HeLa
cells were transfected with mRNA constructs and analyzed for sub-
cellular expression of hG6Pase-o and variants with immune-cyto-
fluoresence-based confocal microscopy. Green: hG6Pase-a and its
variants, Red: Calnexin, an ER marker. The cells were also counter-
stained with DAPI (blue) for nucleus visualization. All samples were
stained for hG6Pase-a, Calnexin, and DAPI. Scale bars are 50 pm.
All quantitative data are presented as mean+SEM of n=3 samples
from independent transfections. *p <0.05; **p <0.01; ***p<0.001;
*##%%p <0.0001 vs. WT at the same time point. Data shown on panel
F are representative of at least two independent experiments. Hrs
hours, UT untransfected

reduction in protein expression in comparison with the WT
and S298C variant.

Discussion

One advantage of mRNA-based therapies for treating
or preventing human diseases is that mRNA molecules
may be modified chemically or at the sequence levels to
improve protein translation, extend half-life and stability,
and enhance the intrinsic activity of the targeted protein.
To this end, we have employed bioinformatics approaches
coupled with cell-based and in vivo screening and identified
a sequence-engineered hG6PC mRNA encoding the protein
variant S298C that leads to enhanced protein expression and
is more efficacious than the wild-type sequence in a GSD1a
mouse model (Cao et al. 2021). In contrast, tyrosine (Y) or
proline (P) substitutions at site 298 led to substantial losses
of both protein expression and G6Pase activity. Therefore,
incorporation of different amino acid residue at site 298 had
a significant effect on hG6Pase-a expression, ranging from a
total loss of protein to more than a twofold increase in com-
parison with the native serine. Similarly, our study shows
that amino acid substitutions in other transmembrane heli-
ces also caused substantial changes in protein expression.
Furthermore, a time-course analysis on newly synthesized
hG6Pase-a variants showed that the amino acid substitutions
at site 298 have a more profound effect on the mature and
fully active glycosylated form versus the nascent and less
active non-glycosylated form. Confocal imaging analysis

of newly synthesized hG6Pase protein in the ER revealed
that the changes in protein expression of targeted variants
was more pronounced at the late, but not the early, post-
transfection time points. Collectively, these data strongly
suggest that amino acid variations at site 298 may not affect
protein translation per se; rather these substitutions may alter
protein folding and subsequently affect stability in the ER
once the protein is produced. A cysteine at this site may
improve protein folding; while proline, tyrosine, and phe-
nylalanine substitutions might affect the structural integrity
of the newly synthesized protein, leading to misfolding and
subsequent retro-translocation into the cytosol for degrada-
tion by ERAD (Wu and Rapoport 2018). Consistent with this
notion, our data demonstrate that small molecule inhibition
of proteasome by lactacystin improved expression of those
unstable hG6Pase-a variants. Additionally, residue 298 is
embedded inside a transmembrane helix domain and away
from the catalytic center located inside the ER lumen, and
thus was not expected—and does not appear—to affect the
intrinsic activity of hG6Pase-a.

Notably, S298P is one of many naturally occurring muta-
tions of hG6Pase that causes GSD1a in humans (Shieh et al.
2002; Chou et al. 2017). Our data presented in this study,
together with previous reports (Shieh et al. 2002), suggest a
novel molecular mechanism for genetic diseases like GSD1a.
Instead of causing the total loss of enzymatic activity or
a protein truncation, S298P, which is in a transmembrane
helix, may result in a misfolded and unstable protein being
rapidly degraded after synthesis. Many other disease-causing
mutations in the transmembrane helices of hG6Pase lead
to significant reduction in protein expression (Shieh et al.
2002). Conversely, S298C was identified as a substitution
that significantly increases protein expression. Further mech-
anistic studies pertaining to the impact of the amino acid
residues at this site and others on transmembrane helices of
hG6Pase-a will not only help elucidate the molecular genet-
ics of GSD1a (e.g., the genotype—phenotype relationships,
and the heterogeneity of the clinical presentation of GSD1a),
but also provide additional protein engineering options for
developing candidate gene- and/or mRNA-based therapies
for GSD1a.

Our alignment analysis of G6Pase-a homologues at
position 298 (hG6Pase-a) revealed that the serine is a rare
residue only found in human and in a limited number of
non-human primates, while the cysteine is a consensus resi-
due commonly found in most mammalian species includ-
ing mouse, rat, canine, and many non-human primates (Cao
et al. 2021). This suggests that the sequence divergence may
have happened during a late phase of mammalian evolution.
Though the introduction of the S298 substitution appears to
be an unfavorable event for primates since it reduces pro-
tein stability/expression, this switch apparently was still
sufficient in maintaining euglycemia and other essential

@ Springer



704

J.Caoetal.

Table 1 Analysis of protein expression and enzymatic activity of hG6Pase mutants encoded by mRNA constructs

hG6PC Protein expression (% of WT) Ratio G6Pase activity Mutant amino acid classification
mRNA_variants (Glyco./Unglyco.) (% of WT)
Glyco Nonglyco Total
WT 100.0+6.0 100.0+15.9 100.0+82 1.9+0.3 100+21.6 -
5298C 1724+39 949+11.8 1453+6.6 3.4+03 194.7+£6.5 -
52981 61.9+88 829+10.7 724493 0.7+0.1 349+53 Hydrophobic
S298M 29.8+34 76.2+5.8 53.1+44 0.4+0.0 6.5+0.2
S298W 28.0+24 103.2+8.7 65.7+5.6 0.3+0.0 0.80+£0.3
S298F 10.0+03 41.2+87 17.3+2.1 22+05 83+2.1
S298H 169+1.0 1542+1.1 64.8+0.5 0.2+0.0 3.6+0.6 Neutral
S298D 19.5+25 177.0+20.6 744+8.8 0.2+0.0 1.2+0.0 Hydrophilic
S298N 108.2+49 1569+16.2 1252+7.3 13+0.1 86.4+10.0
S298R 413+2.0 101.7+84  71.6+35 04+00 20.0£2.5
S297C 96.8+104 61.8+7.3 87.1+81 33+04 852+11.9 Cysteine substitution for neighbor residues
1299C 48.5+5.7 138.8+10.5 80.0+64 0.6+0.1 349+49
S15C 57.1+£55 33.0+0.2 50.0+3.8 4.1+0.8 1752+11.6 Cysteine substitution for other Serine residues
S85C 48.7+4.8 664+183 539+80 1.8+04 479+£8.5
S278C 39.2+3.1 83.0+x84  59.8+5.0 0.5%0.0 46.1+£5.1
S356C 644+54 67.8+142 654+75 23+04 63.6+£2.8
NI96A - 217.3+33.6 109.0+16.9 0.0+0.0 09+0.8 Disruption of glycosylated N96

hG6PC mRNA constructs encoding wild-type (WT) or mutant hG6Pase-a were transfected into HeLa cells. Twenty-four hours after transfec-
tion, protein expression and G6Pase activity in cell lysates were analyzed by Western blotting and release of inorganic phosphate from glucose-6
phosphate as described under “Materials and methods”. The ratio of glycosylated (Glyco.) versus unglycosylated (Unglyco.) hG6Pase-a variants
was determined by the band intensity of each protein form from the same lane on the western blotting membrane. Protein expression and G6Pase
activity data were shown as percentage of WT and presented as mean+ SEM of n=3 samples from independent transfections

biochemical and physiological functions for G6Pase-a in
affected primates. In support of this notion, GSD1a is an
autosomal recessive disorder and the heterozygous deletion
or disruption of G6pc in mice does not cause any known
symptoms of GSD1a (Lei et al. 1996), so that less than 50%
of normal level of G6Pase activity is needed for maintaining
a disease-free state in both human and mouse. Although it is
still premature to firmly establish a minimal expression and/
or activity threshold needed to rescue GSD1a, accumulated
data from other groups and our own studies suggest that only
3-5% of normal hepatic G6Pase activity is needed to main-
tain glucose homeostasis and lower the risk of liver tumor
development (Lee et al. 2015; Kim et al. 2017) (unpublished
data).

Our mutagenesis studies at S298 and adjacent sites (i.e.,
S297 and 1299) suggest that the introduction of cysteine at
site 298 is unique in enhancing protein expression since
1) introduction of other physiochemically-diverse amino
acids at site 298 did not boost protein expression and 2)
substitution of cysteine at S297 or 1299 did not boost protein
expression. This raises a possibility that the introduced C298
may partner with another cysteine and form a new disulfide
bond, which may subsequently stabilize the protein. As an

@ Springer

integral membrane protein anchored in the ER by multiple
transmembrane helices, hG6Pase-« is likely synthesized by
the classical co-translational translocation pathway, in which
protein synthesis and localization into ER happens simulta-
neously (Rapoport 1990; Shao and Hegde 2011). This co-
translational pathway is defined by recognition of the first
hydrophobic segment of the newly formed polypeptide by
the signal recognition particle (SRP), followed by insertion
into or translocation across the membrane by the Sec61
translocon channel (Voorhees and Hegde 2016). Based on
this model, we hypothesized that C298, located in the eighth
transmembrane helix, might interact with C284, C328, or
C344 during protein synthesis or folding process and form
a disulfide bond. To test this hypothesis, we first generated
hG6Pase-a mutants harboring both S298C and a cysteine
to alanine substitution at site 284, 328, or 344 and com-
pared their protein expression levels with the S298C single
mutant. Although our initial experiments suggested C284 as
a potential disulfide partner, additional mutagenesis studies
(C2848S, C284M, or C284V) at this site were not consist-
ent with disulfide bond formation between C298 and C284.
Collectively our data suggest that intramolecular disulfide
bond formation is less likely. However, it has been reported
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Fig.4 Protein expression (A
and C) and G6Pase enzymatic
activity (B and D) of wild-

type (WT) hG6Pase-a and its
variants targeted for selec-

tive substitution of cysteine.
The mRNA constructs were
transfected into HeLa cells and
examined for protein expres-
sion of glycosylated hG6Pase-a
and its variants and G6Pase
activity in cell lysates at 24-h
post-transfection, as described
under “Materials and methods”.
For protein expression analysis,
the quantified signals from the
glycosylated hG6Pase-a or its (}Q 4‘\ q%o ‘bb-v. ,&v kb-v. (;8 @ q‘bo Q}v‘ %v. b‘kv
variants were also normalized 2 Sq' Ow (}‘ (? ¢ ,;1« \(}'
by Erp72. Data were shown as Q%O q%O q%o q%(l qﬁo qQ’o
percentage of WT group and
presented as mean + SEM of
n=3 samples from independ-
ent transfections. *p <0.05; ns *%
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that a disulfide bond between the synthesized polypeptide  at least in part, contribute to the observed improvements in
and the translocon itself can stabilize the protein (Cannon  protein folding and stability.

et al. 2005). It remains unclear whether the introduced C298 In summary, we have investigated the cellular and
forms a disulfide bond with a cysteine within translocon = molecular mechanism(s) contributing to protein expression
Sec61 or another unknown protein. In addition, the cysteine ~ and activity of hG6Pase-a variants, especially for those

residue is widely used for protein S-palmitoylation, a cova- substitutions at site of 298. Our findings uncover a critical
lent and reversible attachment of a palmitic acid group viaa  role that a single amino acid residue plays in controlling
thioester linkage that plays important roles in regulating pro-  the cellular level of newly synthesized hG6Pase-a. Our

tein trafficking, localization, stability, and interactions with results also shed new insight into the molecular genetics
other effectors (Aicart-Ramos et al. 2011; Main and Fuller of GSDI1a, as well as demonstrate the power of protein
2021). The protein S-palmitoylation is catalyzed by a group ~ engineering by harnessing these learnings to enhance and
of enzymes called palmitoyl acyltransferases (PATs), many  optimize candidate mRNA-based therapies to treat GSD1a
of which are also located in ER and/or Glogi (Zhang et al.  or other devastating inherited metabolic disorders with
2021). Future work should focus on evaluating whether the  limited treatment or management options.

C298 of mammalian G6Pase-a is palmitoylated, which may,
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Fig.5 Effect of proteasome inhibitor, lactacystin, on protein expres-
sion of hG6Pase-a and its variants. HeLa cells were first transfected
with mRNA constructs. At 6 h post-transfection, medium was
replaced with that containing vehicle (0.1%, v/v, DMSO) or lactacys-
tin at 10 pM and the cells were incubated for additional 16 h before
they were collected for protein expression analysis. The graph shows
the analysis of glycosylated hG6Pase-a and its variants. Data were
presented as mean+SEM of n=3 samples from independent trans-
fections. **p <0.01; ***p <0.001 vs. vehicle. ns non-significant

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00726-023-03263-8.

Acknowledgements The authors thank colleagues from Moderna’s
preclinical mRNA production team for sourcing mRNA constructs.
The authors thank Elisabeth Narayanan for her help with the struc-
ture modeling of hG6Pase-a. The authors also thank colleagues from
Moderna’s Rare Diseases and Platform Science for their help during
the courses of studies and preparation of the manuscript.

Authors contribution PFF, PGVM, and PHG conceptualized and
supervised the study. JC, AM, EH, TK, CM, ZZ, DM, NJA, YMC, and
DWR contributed to Methodology. JC, AM, EH, TK, CM, ZZ, DM,
NJA, YMC, DWR, AD, PHG, and PFF performed the research includ-
ing data acquisition, curation, and analysis. JC, EH, and DM wrote the
original draft. JC, AM, EH, TK, CM, DM, NJA, DWR, AD, PHG, JRS,
PGVM, and PFF reviewed and edited the final draft.

Funding his work was supported by Moderna Inc.

Data availability The data that support the findings of this study are
available from the corresponding authors upon reasonable request.

Declarations

Conflict of interest JC, EH, TK, CM, ZZ, DM, NJA, YC, DWR, AD,
PHG, JRS, PGVM, and PFF are current or former employees of Mod-
erna Inc. AM declares no competing interests.

Ethical statement The cell lines used in this study were available from
commercial sources. No human participants and/or Animals were

involved in this study.

Informed consent No informed consent is required for this study.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

@ Springer

adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Aicart-Ramos C, Valero RA, Rodriguez-Crespo I (2011) Protein pal-
mitoylation and subcellular trafficking. Biochim Biophys Acta
1808:2981-2994. https://doi.org/10.1016/j.bbamem.2011.07.009

An D, Schneller J, Frassetto A et al (2017) Systemic messenger RNA
therapy as a treatment for methylmalonic acidemia. Cell Rep
21:3548-3558. https://doi.org/10.1016/j.celrep.2017.11.081

Arden SD, Zahn T, Steegers S et al (1999) Molecular cloning of a
pancreatic islet-specific glucose-6-phosphatase catalytic subunit-
related protein. Diabetes 48:531-542. https://doi.org/10.2337/
diabetes.48.3.531

Berraondo P, Martini PGV, Avila MA, Fontanellas A (2019) Messenger
RNA therapy for rare genetic metabolic diseases. Gut 68:1323.
https://doi.org/10.1136/gutjnl-2019-318269

Calderaro J, Labrune P, Morcrette G et al (2012) Molecular charac-
terization of hepatocellular adenomas developed in patients with
glycogen storage disease type 1. ] Hepatol 58:350-357. https://doi.
org/10.1016/j.jhep.2012.09.030

Cannon KS, Or E, Clemons WM et al (2005) Disulfide bridge forma-
tion between SecY and a translocating polypeptide localizes the
translocation pore to the center of SecY. J Cell Biology 169:219-
225. https://doi.org/10.1083/jcb.200412019

Cao J, An D, Galduroz M et al (2019) mRNA therapy improves meta-
bolic and behavioral abnormalities in a murine model of citrin
deficiency. Mol Ther 27:1242-1251. https://doi.org/10.1016/j.
ymthe.2019.04.017

Cao J, Choi M, Guadagnin E et al (2021) mRNA therapy restores eug-
lycemia and prevents liver tumors in murine model of glycogen
storage disease. Nat Commun 12:3090. https://doi.org/10.1038/
s41467-021-23318-2

Chou JY, Jun HS, Mansfield BC (2010) Glycogen storage disease type
I and G6Pase-p deficiency: etiology and therapy. Nat Rev Endo-
crinol 6:676-688. https://doi.org/10.1038/nrendo.2010.189

Chou J, Jun H, Mansfield B (2015) Type I glycogen storage diseases:
disorders of the glucose-6-phosphatase/glucose-6-phosphate
transporter complexes. J Inherit Metab Dis 38:511-519. https://
doi.org/10.1007/s10545-014-9772-x

Chou JY, Kim G-Y, Cho J-H (2017) Recent development and gene
therapy for glycogen storage disease type Ia. Liver Res 1:174-180.
https://doi.org/10.1016/j.livres.2017.12.001

Clar J, Mutel E, Gri B et al (2015) Hepatic lentiviral gene transfer pre-
vents the long-term onset of hepatic tumours of glycogen storage
disease type la in mice. Hum Mol Genet 24:2287-2296. https://
doi.org/10.1093/hmg/ddu746

Correia C, Bhattacharya K, Lee P et al (2008) Use of modified corn-
starch therapy to extend fasting in glycogen storage disease types
Ta and Ib. Am J Clin Nutrition 88:1272-1276

Derks TGJ, Nemeth A, Adrian K et al (2017) Hepatic glycogen storage
diseases: toward one global collaborative network. J Inborn Errors


https://doi.org/10.1007/s00726-023-03263-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.bbamem.2011.07.009
https://doi.org/10.1016/j.celrep.2017.11.081
https://doi.org/10.2337/diabetes.48.3.531
https://doi.org/10.2337/diabetes.48.3.531
https://doi.org/10.1136/gutjnl-2019-318269
https://doi.org/10.1016/j.jhep.2012.09.030
https://doi.org/10.1016/j.jhep.2012.09.030
https://doi.org/10.1083/jcb.200412019
https://doi.org/10.1016/j.ymthe.2019.04.017
https://doi.org/10.1016/j.ymthe.2019.04.017
https://doi.org/10.1038/s41467-021-23318-2
https://doi.org/10.1038/s41467-021-23318-2
https://doi.org/10.1038/nrendo.2010.189
https://doi.org/10.1007/s10545-014-9772-x
https://doi.org/10.1007/s10545-014-9772-x
https://doi.org/10.1016/j.livres.2017.12.001
https://doi.org/10.1093/hmg/ddu746
https://doi.org/10.1093/hmg/ddu746

Amnio acid substitution at position 298 of human glucose-6 phosphatase-a significantly impacts... 707

Metabolism Screen 5:232640981773300. https://doi.org/10.1177/
2326409817733009

DeRosa F, Smith L, Shen Y et al (2019) Improved efficacy in a fabry
disease model using a systemic mRNA liver depot system as
compared to enzyme replacement therapy. Mol Ther 27:878-889.
https://doi.org/10.1016/j.ymthe.2019.03.001

Fenteany G, Standaert RF, Lane WS et al (1995) Inhibition of pro-
teasome activities and subunit-specific amino-terminal threonine
modification by lactacystin. Science 268:726—731. https://doi.org/
10.1126/science.7732382

Foster JD, Nordlie RC (2002) The Biochemistry and molecular biology
of the glucose-6-phosphatase system 1. Exp Biol Med 227:601—
608. https://doi.org/10.1177/153537020222700807

Franco L, Krishnamurthy V, Bali D et al (2005) Hepatocellular
carcinoma in glycogen storage disease type la: a case series.
J Inherit Metab Dis 28:153-162. https://doi.org/10.1007/
$10545-005-7500-2

Greene H, Slonim A, O’Neill J, Burr I (1976) Continuous nocturnal
intragastric feeding for management of Type 1 glycogen-storage
disease. New Engl J Medicine 294:423-425. https://doi.org/10.
1056/nejm197602192940805

Hareendran S, Balakrishnan B, Sen D et al (2013) Adeno-associated
virus (AAV) vectors in gene therapy: immune challenges and
strategies to circumvent them. Rev Med Virol 23:399-413. https://
doi.org/10.1002/rmv.1762

Hutton JC, O’Brien RM (2009) Glucose-6-phosphatase catalytic subu-
nit gene family. J Biol Chem 284:29241-29245. https://doi.org/
10.1074/jbc.r109.025544

Jiang L, Berraondo P, Jericé D et al (2018) Systemic messenger RNA
as an etiological treatment for acute intermittent porphyria. Nat
Med 24:1899-1909. https://doi.org/10.1038/s41591-018-0199-z

Kim G, Lee Y, Kwon J et al (2017) Glycogen storage disease
type Ia mice with less than 2% of normal hepatic glucose-6-
phosphatase-a activity restored are at risk of developing hepatic
tumors. Mol Genet Metab 120:229-234. https://doi.org/10.1016/].
ymgme.2017.01.003

Kudla G, Murray AW, Tollervey D, Plotkin JB (2009) Coding-sequence
determinants of gene expression in Escherichia coli. Science
324:255-258. https://doi.org/10.1126/science.1170160

Lee Y, Kim G, Pan C et al (2015) Minimal hepatic glucose-6-
phosphatase-a activity required to sustain survival and prevent
hepatocellular adenoma formation in murine glycogen storage dis-
ease type la. Mol Genetics Metabolism Reports 3:28-32. https://
doi.org/10.1016/j.ymgmr.2015.03.001

Lei K, Shelly L, Pan C et al (1993) Mutations in the glucose-6-phos-
phatase gene that cause glycogen storage disease type la. Science
262:580-583. https://doi.org/10.1126/science.8211187

Lei K-J, Chen H, Pan C-J et al (1996) Glucose—6—phosphatase
dependent substrate transport in the glycogen storage disease
type—1la mouse. Nat Genet 13:203-209. https://doi.org/10.1038/
ng0696-203

Main A, Fuller W (2021) Protein S-Palmitoylation: advances and chal-
lenges in studying a therapeutically important lipid modification.
FEBS J 289:861-882. https://doi.org/10.1111/febs.15781

Martin C, Oeser J, Svitek C et al (2002) Identification and charac-
terization of a human cDNA and gene encoding a ubiquitously
expressed glucose-6-phosphatase catalytic subunit-related protein.
J Mol Endocrinol 29:205-222. https://doi.org/10.1677/jme.0.
0290205

Martini P, Guey LT (2019) A new era for rare genetic diseases: mes-
senger RNA therapy. Hum Gene Ther 30:1180-1189. https://doi.
org/10.1089/hum.2019.090

Pan C, Lei K, Annabi B et al (1998a) Transmembrane topology of
Glucose-6-Phosphatase. J Biol Chem 273:6144-6148. https://doi.
org/10.1074/jbc.273.11.6144

Pan C-J, Lei K-J, ChouJY (1998b) Asparagine-linked oligosaccharides
are localized to a luminal hydrophilic loop in Human Glucose-
6-Phosphatase. J Biol Chem 273:21658-21662. https://doi.org/
10.1074/jbc.273.34.21658

Parenti G, Andria G, Ballabio A (2015) Lysosomal storage diseases:
from pathophysiology to therapy. Annu Rev Med 66:471-486.
https://doi.org/10.1146/annurev-med-122313-085916

Rapoport TA (1990) Protein transport across the ER membrane. Trends
Biochem Sci 15:355-358. https://doi.org/10.1016/0968-0004(90)
90076-n

Richner JM, Himansu S, Dowd KA et al (2017) Modified mRNA vac-
cines protect against Zika virus infection. Cell 168:1114-1125.
e10. https://doi.org/10.1016/j.cell.2017.02.017

Roseman D, Khan T, Rajas F et al (2018) G6PC mRNA therapy posi-
tively regulates fasting blood glucose and decreases hepatic abnor-
malities in a mouse model of Glycogen Storage Disease 1a. Mol
Ther 26:814-821. https://doi.org/10.1016/j.ymthe.2018.01.006

Shah K, O’Dell S (2013) Effect of dietary interventions in the main-
tenance of normoglycaemia in glycogen storage disease type la:
a systematic review and meta-analysis. ] Hum Nutr Diet 26:329—
339. https://doi.org/10.1111/jhn.12030

Shao S, Hegde RS (2011) Membrane protein insertion at the endoplas-
mic reticulum. Annu Rev Cell Dev Bi 27:25-56. https://doi.org/
10.1146/annurev-cellbio-092910-154125

Shao S, Rodrigo-Brenni MC, Kivlen MH, Hegde RS (2017) Mecha-
nistic basis for a molecular triage reaction. Science 355:298-302.
https://doi.org/10.1126/science.aah6130

Shieh J-J, Terzioglu M, Hiraiwa H et al (2002) The molecular basis of
glycogen storage disease Type la. J Biol Chem 277:5047-5053.
https://doi.org/10.1074/jbc.m 110486200

Steunenberg TAH, Peeks F, Hoogeveen 1J et al (2018) Safety issues
associated with dietary management in patients with hepatic gly-
cogen storage disease. Mol Genet Metab 125:79-85. https://doi.
org/10.1016/j.ymgme.2018.07.004

Taussky HH, Shorr E (1953) A microcolorimetric method for the deter-
mination of inorganic phosphorus. J Biol Chem 202:675-685

Trepotec Z, Lichtenegger E, Plank C et al (2018) Delivery of mRNA
therapeutics for treatment of hepatic diseases. Mol Ther 27:794—
802. https://doi.org/10.1016/j.ymthe.2018.12.012

Truong B, Allegri G, Liu X et al (2019) Lipid nanoparticle-targeted
mRNA therapy as a treatment for the inherited metabolic liver
disorder arginase deficiency. Proc National Acad Sci USA
116:21150-21159. https://doi.org/10.1073/pnas.1906182116

van Schaftingen E, Gerin I (2002) The glucose-6-phosphatase sys-
tem. Biochem J 362:513-532. https://doi.org/10.1042/0264-6021:
3620513

Voorhees RM, Hegde RS (2016) Toward a structural understanding
of co-translational protein translocation. Curr Opin Cell Biol
41:91-99. https://doi.org/10.1016/j.ceb.2016.04.009

Wang D, Fiske L, Carreras C, Weinstein D (2011) Natural history of
hepatocellular adenoma formation in glycogen storage disease
type L. J Pediatrics 159:442—-446. https://doi.org/10.1016/j.jpeds.
2011.02.031

Weinstein D (2020) AAV8-mediated liver-directed gene therapy as a
potential therapeutic option in adults with glycogen storage dis-
ease Type la (GSDIa): results from a phase 1/2 clinical trial. Mol
Ther 28:556

@ Springer


https://doi.org/10.1177/2326409817733009
https://doi.org/10.1177/2326409817733009
https://doi.org/10.1016/j.ymthe.2019.03.001
https://doi.org/10.1126/science.7732382
https://doi.org/10.1126/science.7732382
https://doi.org/10.1177/153537020222700807
https://doi.org/10.1007/s10545-005-7500-2
https://doi.org/10.1007/s10545-005-7500-2
https://doi.org/10.1056/nejm197602192940805
https://doi.org/10.1056/nejm197602192940805
https://doi.org/10.1002/rmv.1762
https://doi.org/10.1002/rmv.1762
https://doi.org/10.1074/jbc.r109.025544
https://doi.org/10.1074/jbc.r109.025544
https://doi.org/10.1038/s41591-018-0199-z
https://doi.org/10.1016/j.ymgme.2017.01.003
https://doi.org/10.1016/j.ymgme.2017.01.003
https://doi.org/10.1126/science.1170160
https://doi.org/10.1016/j.ymgmr.2015.03.001
https://doi.org/10.1016/j.ymgmr.2015.03.001
https://doi.org/10.1126/science.8211187
https://doi.org/10.1038/ng0696-203
https://doi.org/10.1038/ng0696-203
https://doi.org/10.1111/febs.15781
https://doi.org/10.1677/jme.0.0290205
https://doi.org/10.1677/jme.0.0290205
https://doi.org/10.1089/hum.2019.090
https://doi.org/10.1089/hum.2019.090
https://doi.org/10.1074/jbc.273.11.6144
https://doi.org/10.1074/jbc.273.11.6144
https://doi.org/10.1074/jbc.273.34.21658
https://doi.org/10.1074/jbc.273.34.21658
https://doi.org/10.1146/annurev-med-122313-085916
https://doi.org/10.1016/0968-0004(90)90076-n
https://doi.org/10.1016/0968-0004(90)90076-n
https://doi.org/10.1016/j.cell.2017.02.017
https://doi.org/10.1016/j.ymthe.2018.01.006
https://doi.org/10.1111/jhn.12030
https://doi.org/10.1146/annurev-cellbio-092910-154125
https://doi.org/10.1146/annurev-cellbio-092910-154125
https://doi.org/10.1126/science.aah6130
https://doi.org/10.1074/jbc.m110486200
https://doi.org/10.1016/j.ymgme.2018.07.004
https://doi.org/10.1016/j.ymgme.2018.07.004
https://doi.org/10.1016/j.ymthe.2018.12.012
https://doi.org/10.1073/pnas.1906182116
https://doi.org/10.1042/0264-6021:3620513
https://doi.org/10.1042/0264-6021:3620513
https://doi.org/10.1016/j.ceb.2016.04.009
https://doi.org/10.1016/j.jpeds.2011.02.031
https://doi.org/10.1016/j.jpeds.2011.02.031

708

J.Caoetal.

Wu X, Rapoport TA (2018) Mechanistic insights into ER-associated
protein degradation. Curr Opin Cell Biol 53:22-28. https://doi.
org/10.1016/j.ceb.2018.04.004

Zhang L, Cho J, Arnaoutova I et al (2019) An evolutionary approach to
optimizing glucose-6-phosphatase-o enzymatic activity for gene
therapy of glycogen storage disease type la. J Inherit Metab Dis
42:470-479. https://doi.org/10.1002/jimd. 12069

Zhang L, Lee C, Arnaoutova I et al (2020) Gene therapy using a novel
G6PC-S298C variant enhances the long-term efficacy for treat-
ing glycogen storage disease type Ia. Biochem Bioph Res Co
527:824-830. https://doi.org/10.1016/j.bbrc.2020.04.124

Zhang Y, Qin Z, Sun W, et al (2021) Function of Protein S-Palmitoyla-
tion in Immunity and Immune-Related Diseases. Front Immunol.
12:661202. https://doi.org/10.3389/fimmu.2021.661202

@ Springer

Zhu X, Yin L, Theisen M et al (2019) Systemic mRNA therapy for
the treatment of fabry disease: preclinical studies in wild-type
mice, fabry mouse model, and wild-type non-human primates.
Am J Hum Genetics 104:625-637. https://doi.org/10.1016/j.ajhg.
2019.02.003

Zingone A, Hiraiwa H, Pan C et al (2000) Correction of glycogen
storage disease type la in a mouse model by gene therapy. J Biol
Chem 275:828-832. https://doi.org/10.1074/jbc.275.2.828

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.ceb.2018.04.004
https://doi.org/10.1016/j.ceb.2018.04.004
https://doi.org/10.1002/jimd.12069
https://doi.org/10.1016/j.bbrc.2020.04.124
https://doi.org/10.3389/fimmu.2021.661202
https://doi.org/10.1016/j.ajhg.2019.02.003
https://doi.org/10.1016/j.ajhg.2019.02.003
https://doi.org/10.1074/jbc.275.2.828

	Amnio acid substitution at position 298 of human glucose-6 phosphatase-α significantly impacts its stability in mammalian cells
	Abstract
	Introduction
	Materials and methods
	mRNA production
	Mammalian cell culture and transfection
	Protein expression analysis
	G6Pase activity assay
	Immunocytochemistry analysis
	Statistical analysis

	Results
	Characterization of the hG6Pase-α variants with enhanced cellular expression by site-specific alanine substitution and codon choice
	Characterization of expression of hG6Pase-α variants at S298 in a cell-free translating system
	Identification and characterization of hG6Pase-α variants at S298 with marked reduction in cellular expression
	Kinetic analysis of cellular expression and localization of hG6Pase-α variants
	Analysis of expression and activity of additional hG6Pase-α mutants targeting S298
	Effect of cysteine-targeted mutations on the expression and activity of hG6Pase-α S298C variant
	Effect of lactacystin, a proteasome inhibitor, on the expression of hG6Pase-α protein

	Discussion
	Anchor 20
	Acknowledgements 
	References




