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The Metabolic Map into the Pathomechanism
and Treatment of PGM1-CDG

Silvia Radenkovic,1,2,3,19 Matthew J. Bird,1,2,3,4,19 Tim L. Emmerzaal,5 Sunnie Y. Wong,6

Catarina Felgueira,2 Kyle M. Stiers,7 Leila Sabbagh,6 Nastassja Himmelreich,8 Gernot Poschet,9

Petra Windmolders,2 Jan Verheijen,10 Peter Witters,11 Ruqaiah Altassan,11,12 Tomas Honzik,13

Tuba F. Eminoglu,14 Phillip M. James,15 Andrew C. Edmondson,16 Jozef Hertecant,17 Tamas Kozicz,5,6,10

Christian Thiel,8 Pieter Vermeersch,4,18 David Cassiman,2,11 Lesa Beamer,7 Eva Morava,10,11,19,*
and Bart Ghesquière1,3,19,*

Phosphoglucomutase 1 (PGM1) encodes the metabolic enzyme that interconverts glucose-6-P and glucose-1-P. Mutations in PGM1

cause impairment in glycogen metabolism and glycosylation, the latter manifesting as a congenital disorder of glycosylation (CDG).

This unique metabolic defect leads to abnormal N-glycan synthesis in the endoplasmic reticulum (ER) and the Golgi apparatus (GA).

On the basis of the decreased galactosylation in glycan chains, galactose was administered to individuals with PGM1-CDG and was

shown to markedly reverse most disease-related laboratory abnormalities. The disease and treatment mechanisms, however, have

remained largely elusive. Here, we confirm the clinical benefit of galactose supplementation in PGM1-CDG-affected individuals

and obtain significant insights into the functional and biochemical regulation of glycosylation. We report here that, by using

tracer-based metabolomics, we found that galactose treatment of PGM1-CDG fibroblasts metabolically re-wires their sugar meta-

bolism, and as such replenishes the depleted levels of galactose-1-P, as well as the levels of UDP-glucose and UDP-galactose, the

nucleotide sugars that are required for ER- and GA-linked glycosylation, respectively. To this end, we further show that the galactose

in UDP-galactose is incorporated into mature, de novo glycans. Our results also allude to the potential of monosaccharide therapy for

several other CDG.
Introduction

Congenital disorders of glycosylation (CDG) are a sub-

group of inborn errors of metabolism (IEMs) affecting

one of the most crucial post-translational modifications

of proteins: glycosylation.1 Glycosylation is the biochem-

ical process of activating sugars, assembling them into oli-

gosaccharides, and attaching them to proteins via N-, O-,

or lipid-linkages. As such, the process plays crucial roles

in both the stability and functionality of the target mole-

cules2 (Figures 1A–C).

More than 100 different types of CDG are currently

described, and they present with extremely wide pheno-

typic variability.3 Themost common formofCDG is caused

by the group of N-glycosylation defects; these CDG present

with decreased glycan occupancy on mature protein as a

result of either the impaired synthesis and transfer of gly-

cans in the endoplasmic reticulum (ER; CDG type I) or the
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impaired synthesis of glycans in the Golgi apparatus (GA;

CDG type II). Glycosylation begins with the biosynthesis

of nucleotide sugars (the building blocks of glycans, e.g.,

UDP-glucose, UDP-galactose, and GDP-mannose, etc.

[Figure 1A]). Biosynthesis is followed by nucleotide-sugar

transport (Figures 1B and 1C), oligosaccharide synthesis in

the ER (Figure 1B), and finally glycan maturation in the

GA (Figure 1C). The most immediate therapeutic potential

exists in targeting the first step (nucleotide sugar biosyn-

thesis). Specifically, different monosaccharides, such as

mannose, fucose, or galactose, have been trialed as dietary

supplements for bypassing underlying metabolic defects

and replenishing the essential glycosylation precursor

products (see overview in Witters et al.4).

One of the few CDG for which a tailored treatment

exists is PGM1-CDG, and the treatment takes the form of

oral D-galactose therapy (further referred to as galactose

therapy).4
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Figure 1. Glycosylation
(A) N-linked glycosylation requires the nucleotide sugars CMP-
sialic acid, GDP-fucose, GDP-mannose, UDP-glcNAc, UDP-galac-
tose, and UDP-glucose; all are synthesized through a number of
connected pathways with close connections to PGM1 activity.
(B and C) Glycan construction commences in the endoplasmic
reticulum (ER) (B), and it is completed in the Golgi apparatus (GA)
(C). Transferrin is used as an example of a mature glycoprotein.
PGM1-CDG (OMIM: 614921),5,6 primarily classified as

glycogen storage disorder (GSD XIV), is a multi-systemic

CDG that is caused by mutations in PGM1 (GenBank:

NM_002633.2, MIM: 171900), which encodes the phos-

phoglucomutase 1 enzyme (PGM1, EC: 5.4.2.2). Thismeta-

bolic defect leads to abnormal N-glycan synthesis in both

the ER and the GA, as well as decreased galactosylation

of truncated glycans (combined defects characteristic of
836 The American Journal of Human Genetics 104, 835–846, May 2,
both CDG types I and II).4,6 The underlying pathomechan-

ism of the complex biochemical defect in PGM1-CDG is

not yet understood.

PGM1-deficient individuals show severe liver and mus-

cle impairment, hypoglycemia, endocrine and coagulation

problems, and cardiomyopathy.6 Nutritional interven-

tions such as frequent feeding, high glucose intake, or

treatment with 1–3 g/kg/day of raw cornstarch added to

the diet, as are applied for other glycogen disorders, do

not resolve the symptoms. On the basis of the deficient

galactosylation in PGM1 deficiency, we recently trialed in-

dividuals with PGM1-CDG on galactose therapy.

This therapy trial led to a significant improvement,

including the restoration of glycosylation profiles,6–8 in

biochemical measures collected in studies of affected indi-

viduals over the course of an 18-week pilot trial.7 No clinical

progression data have been reported, and a longer-term

follow-up (1 year) was limited to a single individual on

galactose, restricting the ability to assess the efficacy and

safety of galactose therapy.7 The reported laboratory data

about PGM1-deficient individuals on galactose supplemen-

tation are also difficult to interpret because of the history of

variable compliance. We hypothesized that deficient PGM1

activity (in glucose-1-P to glucose-6-P) impairs nucleotide-

sugar metabolism linked to glucose-1-P, but galactose could

bypass the impairment (Figure 1A). Although a preliminary

analysis (limited in sample size) in PGM1-CDG fibroblasts

did not find that activated sugar pools were depleted, it

suggested that galactose could potentially boost levels of

nucleotide sugars.7 The data were unable, however, to pro-

vide an explanation for the mechanism or the mixed CDG

type I-II seen in PGM1-CDG.

Here, we provide detailed evidence, frommultiple exper-

iments, that galactose therapy for PGM1 deficiency is not

effective through targeting either the regulation of the

PGM1 gene or protein or the altered metabolism linked to

glucose-6-P. Rather, galactose therapy is effective through

the replenishment of galactose-1-P and the nucleotide

sugars UDP-glucose and UDP–galactose. In turn, these

UDP-hexoses are necessary for the correct ER- and GA-

associated glycosylation, respectively (Figures 1B and 1C).

Moreover, we show that the biosynthesis of these two

nucleotide sugars is metabolically re-wired in the presence

of galactose. Critically, we also show that the labeled galac-

tose is incorporated into mature N-glycans on the cell

surface, providing evidence of the mode of action of

galactose treatment in this therapy for individuals with

PGM1-CDG.

The approach further suggests that the direct administra-

tion of nucleotide sugars may be a more effective and less

onerous form of treatment for affected individuals than

galactose therapy. The data also offer new possibilities for

developing novel nutritional treatments for related CDG

with other defects in nucleotide-sugar metabolism and

transport. Importantly, this study also highlights the use

of tracer metabolomics as an underexploited tool in the

investigationofmetabolic diseasemechanismsand therapy.
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Material and Methods

Ethics
Samples from affected individuals sourced from Tulane University

were collected with informed consent and analyzed in accordance

with application number IRB 533377-7 (‘‘Screening for congenital

disorders of glycosylation in individuals with hypoglycemia’’);

samples from the individuals sourced from UZ Leuven Hospital

were collected with informed consent and analyzed in accordance

with ethics application number S58358 (‘‘EURO-CDG-2: Een

Europees onderzoeknetwerk gericht op het verbeteren van de

diagnostiek en de behandeling van aangeboren glycosylatie de-

fecten’’). The analysis of fibroblasts at the UZ Leuven Hospital

was in accordance with ethics application number S60206 (‘‘Retro-

spective metabolomic analysis of archived fibroblasts’’).

Study Cohort
13 individuals (P1–13) with a molecular diagnosis of PGM1-CDG

are included in this study (refer to Table S1 for their characteristics).

Clinical Data
The clinical studies were performed according to the Tulane IRB

protocol #517339, ClinicalTrials.gov NCT02955264. Eight indi-

viduals (four previously reported individuals: P2,6 P7,9 P12,6

and P138 and four unreported individuals, P8–11) were included

in the current open-label study and supplemented with 0.5 to

1.5 g of oral galactose/kg/day for 18 weeks, and they remained

on long-term treatment (for 12–31 months per Table S1) at 1 g

of galactose/kg/day (maximum dose of 50 g daily) as described.

Biochemical data were collected from five individuals (P8–12) for

the 18-week trial period, and long-term data were collected from

three individuals (P8, P11, and P12) treated for 12–31 months.

The clinical progression scores of all eight individuals were

evaluated per the TPCRS (Tulane PGM1-CDG Rating Scale) scoring

system,8 which consists of three sections: TPCRS section I, history

and current function; section II, system-specific involvement

since birth; and section III, current clinical assessment. Higher

scores indicate a more severe phenotype, and the total TPCRS

score infers the overall severity of the disease. These clinical

progression scores were collected a maximum of 4 weeks prior to

the start of galactose treatment and again during the latest, most

current clinical follow up (12–31 months after treatment). The

same investigator evaluated the individuals at each study site.

Fibroblast Cell Lines
Control and PGM1-CDG fibroblasts (from P1–P7) at less than pas-

sage 15weremaintained in low-glucoseDMEM(Thermo Fisher Sci-

entific) with 5.5 mM glucose (the closest approximation to the

physiological glucose concentration in plasma) and 2 mM gluta-

mine supplemented with 10% fetal calf serum (FCS) at 37�C with

5% CO2 in a humidified incubator. As described, fibroblasts were

additionally cultured with 2 mM galactose, chosen because 2 mM

galactose reflects the concentration in serum in individuals supple-

mented with 1 g galactose/kg/day (see description in Clinical

Data).7 We used an amount of 5 mM galactose for measuring

ICAM1 (GenBank: NM_000201.3) expression with qPCR.

Reagents
All reagents were from Sigma unless otherwise specified. All sta-

ble isotopes (tracers) were purchased from Cambridge Isotope

Laboratories.
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Stable Isotope Tracer Studies
Fibroblasts were seeded at 1,700 cells/cm2/0.15 mL of DMEM

(GIBCO) with 5.5 mM glucose and 2 mM glutamine in 6-well

plates. At day 1, the cells and empty wells (for background noise

control), were washed once in PBS, then replenished with

DMEM containing 2 mM glutamine and either A) 5.5 mM 13C6

glucose and 2 mM 12C6 galactose; B) 5.5 mM 12C6 glucose and

2 mM 13C6 galactose; C) 5.5 mM 12C6 glucose and 2 mM 12C6

galactose; D) 5.5 mM 13C6 glucose; or E) 5.5 mM 12C6 glucose.

At day 3, the tracer media were refreshed as described above. At

day 5, we harvested the cells on ice by removing the media and

washing them once in ice-cold saline solution (9 g/L NaCl). We

then immersed the cells in 250 mL of ice-cold extraction buffer A

(80% methanol [Merck] and 2 mM d27 myristic acid) or B (50%

methanol, 30% acetonitrile [Thermo Fisher Scientific], 10 mM

ammonium acetate [pH 9.3], and 2 mMd27myristic acid), allowed

them to incubate for 2min, and finally scraped and transferred the

cells to a 1.5 mL tube and stored them overnight at �80�C. The
cellular debris was then pelleted (for 15 min at 20,000 g and

4�C), and the supernatant was transferred to a new vial. The cell

pellet was dissolved in 100 mL of 200 mM NaOH (for 20 min at

95�C), and the protein content was determined by the bicincho-

ninic acid (BCA) method (Thermo Fisher Scientific). Cells har-

vested in extraction buffer B were additionally dried by vacuum

centrifugation and suspended in 250 mL ddH2O. 10 mL of sample

(buffer A or B) was then separated on an ion-pairing liquid-chro-

matography column, and themetabolites were resolved on a Q Ex-

active Hybrid Quadrupole-OrbitrapMass Spectrometer in negative

ion mode with the following ESI settings: 50 sheet gas flow rate,

auxiliary gas flow rate 10, spray voltage of 4 kV, S-lens RF level of

60, and the capillary temperature at 350�C. A full scan (resolution

set at 140,000 at 200 m/z, AGC at 3 e6, 512 ms ion fill time, and

70–1,050 m/z scan range) was applied.

Finally, we quantified the metabolites according to their elution

time andm/z ratios by using the Thermo Fisher Scientific XCalibur

Quan Browser. We performed a correction of naturally occurring

carbon isotopes.10 We normalized relative metabolite abundances

to protein content.
UDP-Glucose and UDP-Galactose Separation by UGDH

Assay
We used UDP-glucose-6-dehydrogenase (UGDH; EC: 1.1.1.22) to

convert UDP-glucose to UDP-glucuronic acid, thus enabling the

separation of the UDP-hexoses UDP-glucose and UDP-galactose.

In brief, 60 mL of metabolic cell extract from the tracer-based me-

tabolomics experiments (above) and standards (1 mM of each

metabolite comprising UDP-glucose, UDP-galactose, and UDP-

glucose þ UDP-galactose) were dried (vacuum centrifugation at

6�C, overnight) and re-suspended in 90 mL of buffer (12.5 mM

glycine and 160 mM NADþ with or without >0.002 U UGDH

from S. pyrogenes), shaken (overnight at 750 rpm and 37�C), and
dried. The samples were re-suspended in 150 mL 80% methanol

(Merck) containing 2 mM d27 myristic acid, then vortexed and

pelleted (for 15 min at 20,000 g and 4�C), and the supernatant

was transferred to a new vial. We detected UDP-hexose and

UDP-glucuronic acid by using liquid chromatography-tandem

mass spectrometry (LC-MS) methods, as reported for the stable-

isotope tracer experiments (see above). The UDP-hexose to UDP-

glucuronic acid ratio was calculated in standards to evaluate the ef-

ficiency of the enzymatic reaction, resulting in >95 % conversion

of UDP-glucose to UDP-glucuronic acid. The relative metabolite
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abundances were normalized to protein content, and finally we

calculated the abundances of UDP-galactose (UDP-hexose minus

[UDP-hexose with UGDH]) and UDP-glucose (UDP-hexose minus

UDP-galactose).
Fragmentation Analysis of UDP-Hexose and UDP-

HexNAc
Parallel reactionmonitoring (PRM) was performed on a Q Exactive

Focus Mass Spectrometer operating in negative ion mode, and the

fragmentation of metabolites was performed via high collision

dissociation (HCD). In brief, 10 mL of tracer-based metabolomics

experiment samples (described above) were loaded onto a Hilicon

iHILIC-Fusion column (Achrom). A linear gradient (flow rate

200 mL/min at 25�C) was carried out under the following condi-

tions: from 0–2 min, 90% solvent A (LC-MS-grade acetonitrile)

and 10% solvent B (10 mM ammonium acetate [pH 9.3]); from

2–20 min, increase to 80% solvent B; from 21–23 min, 80% sol-

vent B; from 23–25 min, decrease to 40% solvent B; from 26–

27 min, decrease to 10% solvent B; and from 28–35 min, hold at

10% solvent B. The heated electrospray ionization (HESI) probe

settings were: sheath gas flow, 40; auxiliary gas flow rate, 10 at

260�C; spray voltage, 4.8 kV; capillary temperature, 300�C; and
S-lens RF level, 50. The targeted PRM method focused on the

ions C15H23N2O17P2 (m/z 565.047) and C17H26N3O17P2 (m/z

606.074) from UDP-hexose and UDP-hexNAc, respectively. The

ions were fragmented via HCD (with helium gas) at normalized

voltages of 10, 30, and 60 eV. The resolution was set at 35,000,

AGC target at 2 e5, the automatic injection time was 128 ms, the

isolation window was set at 20 m/z, and the isolation offset was

set at 8 m/z (ensuring a fragmentation of the full isotopologue

profiles of the target metabolites). We manually verified the frag-

ments by using the Thermo Fisher Scientific Xcalibur Quan

Browser, and we matched them to the METLIN MS/MS metabolite

database on the basis of their fragment structures and m/z ratios

(https://metlin.scripps.edu).
N-Glycan Analysis by Gas Chromatography-Mass

Spectrometry
Cells were prepared as described in the Stable Isotope Tracer

Studies section. The mature N-glycans were isolated and processed

according to previously reported methods,11 and the incorpora-

tion of 13C6 glucose and
13C6 galactose into specific, mature N-gly-

cans monosaccharides was evaluated by gas chromatography-

mass spectrometry (GC-MS). In brief, the media was removed

from the cells, the cells were washed once in PBS, then the cells

were scraped in fresh PBS and pelleted by centrifugation (for

15 min at 800 g and 4�C). The supernatant was removed, and

the cell pellet was dissolved in 250 mL of a 10 mM ammonium

bicarbonate (AB) buffer. The cells were then lysed through 3 suc-

cessive cycles of freeze-thawing on dry ice.

The membrane fraction was then pelleted (for 15 min at

20,000 g and 4�C) and the supernatant discarded. The pellet was

washed in 1 mL of the AB buffer.

Next, the membranes were incubated in 40 mL of a Peptide:

N-glycosidase F (PNGase F) buffer (Bioke protocol, New England

Biolabs) (overnight at 750 rpm and 37�C). Debris was then pelleted

(for 15 min at 20,000 g and 4�C), and the supernatant containing

the N-glycans was transferred to a fresh 1.5 mL tube and dried with

a vacuum centrifuge. For the hydrolysis of the N-glycans into indi-

vidual monosaccharides, the samples were incubated with 160 mL

of 2 M trifluoroacetic acid (TFA) (for 2 h at 120�C) and then dried.
838 The American Journal of Human Genetics 104, 835–846, May 2,
For the acetylation of the monosaccharides, samples were then

rehydrated in 200 mL of a fresh 10 mg/mL Na-borohydride solu-

tion dissolved (for 1 hr at 25�C) in 1 M ammonium hydroxide

buffer. Next, 50 mL of a 100% methanol solution was added, and

then the samples were dried. The samples were rehydrated in

100 mL of a 9:1 methanol:acetate solution and subsequently dried

again. Then, 18 mL of ddH2O was added, the samples were vor-

texed (for 1 min) and sonicated (for 2 min), and then incubated

with 250 mL of concentrated acetic anhydride (for 10 min at

50�C). After, the samples were incubated with 230 mL of concen-

trated TFA (for 10 min at 50�C). The reaction mix was then trans-

ferred to a 15mL tube, and 1.8 mL of dichloromethane was added,

then 2 mL of ddH2O. The samples were vortexed, and after they

were incubated (for 10 min at 25�C), the upper aqueous phase

was discarded, and the samples were washed again with ddH2O.

Then, 1.4 mL of the remaining lower dichloromethane phase

was transferred to a fresh 1.5 mL tube, dried, and solubilized in

100 mL concentrated ethyl acetate. Finally, the samples were vor-

texed (for 1 min) and transferred to MS-vials.

GC-MS analysis of the acetylated monosaccharides was per-

formed with an Agilent 7890A GC equipped with an HP-5ms 5%

phenyl methyl silox capillary column (30 m, 0.25 mm, 0.25 mm;

Agilent Technologies), interfaced with a triple-quadruple tandem

mass spectrometer (Agilent 7000B, Agilent Technologies) and oper-

ating under ionization by electron impact at 70 eV. The injection

port, interface, and ion source temperatures were kept at 230�C.
The temperature of the quadrupoles was maintained at 150�C.
The injection volume was 1 mL, and the samples were injected at

a 1:10 split ratio. Helium flow was kept constant at 1 mL/min.

The temperature of the column started at 80�C for 1 min, was

increased to 220�C at D40�C/min, and then remained at 220�C
for 1 min. Next, a 5�C/min gradient was carried out until the tem-

perature reached 270�C and remained at 270�C for 1 min. Finally,

the temperature was increased to 300�C at a D60�C/min ramp.

After the gradient was carried out, the column was heated for

another 2 min at 325�C. The GC-MS analyses were performed

with single ionmonitoring (SIM) scanning for the isotopic pattern

of acetylated galactose, mannose (m/z ¼ 289, 290, 291, 292, 293,

and 294), fucose (m/z ¼ 217, 218, 219, 220, and 221), and glcNAc

(m/z ¼ 318, 319, 320, 321, 322, 323, 324, and 326).
GC-MS Analysis of Hexose-Phosphate Sugars
Analysis of the subspecies of hexose-phosphates (glucose-6-P,

glucose-1-P, fructose-6-P, mannose-6-P, and galactose-1-P) was per-

formed as described by Chen et al., 2002.12 In brief, metabolite ex-

tracts from fibroblast cultures were dried via vacuum centrifu-

gation. Next, 60 mL of pyridine and 60 mL of TMS (N,O-bis

[Trimethylsilyl] trifluoroacetamide with trimethylchlorosilane

[BSTFA þ TMCS]) were added, and the mixture was heated (for

30 min at 90�C). The samples were centrifuged (for 15 min at

20,000 g and 4�C), and the supernatant was transferred to an

MS vial. The GC-MS analyses were performed on an Agilent

7890A GC equipped with an HP-5ms 5% phenyl methyl silox

capillary column (30m, 0.25mm, 0.25 mm; Agilent Technologies),

interfaced with a triple-quadruple tandem mass spectrometer

(Agilent 7000B, Agilent Technologies) and operating under ioniza-

tion by electron impact at 70 eV. The injection port, interface, and

ion source temperatures were kept at 230�C. The temperature of

the quadrupoles was maintained at 150�C. The injection volume

was 1 ml, and the samples were in splitless mode. Helium flow

was kept constant at 1 mL/min.
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The column gradient temperature was started at 100�C for

2 min, increased to 175�C at D20�C/min, increased to 230�C at

D4�C/min, held at 230�C for 3 min, increased to 300�C at

D40�C/min, and finally held at 300�C for 5 min. After the

gradient, the column was baked out for another 3 min at 325�C.
The GC-MS analyses were performed by SIM scanning for frag-

ments with 299 m/z. Data were processed on the MassHunter

Workstation software with the Quantitative Analysis Version

B.06.00/Build 6.0.388.0.
Statistics
Error bars describe5 standard error of the mean (SEM). We gener-

ated the p values in GraphPad Prism (version 7.0) from biological

replicates by using either paired or un-paired (as described) para-

metric Student’s-t tests. The p values are reported to three decimal

places for consistency and to allow the reader to make their own

interpretation about statistical ‘‘significance.’’ We use the word

‘‘significance’’ here only to convey the perceived importance.
Results

Galactose Treatment Biochemically and Clinically

Improves the Outcome in PGM1-CDG

Here, we report on additional biochemical and clinical pro-

gression data in eight individuals with PGM1 deficiency.

Although limited biochemical data have been previously re-

ported, this study additionally reports on clinical improve-

ment in fully compliant PGM1-CDG-affected individuals

on long-term galactose treatment.

Five individuals (P8–12) underwent an 18-week, open-

label, escalating-dose dietary galactose supplementation

trial (Figure 2). All five individuals were evaluated prior

to galactose treatment and after 18 weeks of the trial. P8–

P11 were newly identified (see Table S1 and Figure S2 for

genetic and pedigree details, respectively), whereas P12,

who has been previously reported on, was re-trialed with

galactose after a washout period. The biochemical data

(Figures 2A and 2C) collected from the five affected indi-

viduals during the 18-week clinical trial period showed

accruing improvement in liver function (alanine amino-

transferase [ALT] and aspartate aminotransferase [AST]),

coagulation (antithrombin III), and muscle function (crea-

tine kinase).

More importantly, these five individuals with PGM1-

CDG and three previously reported individuals (P2, P7,

and P13) had an extension of galactose supplementation

and additional long-term follow-up observations. Long-

term laboratory data were also collected (from P8, P11,

and P12; Figure 2C). The clinical progression scores (TPCRS

scores) of the eight individuals with PGM1-CDG were

collected prior to galactose supplementation and again at

the most recent clinical follow up for all individuals (Fig-

ures 2A and 2B). None of them reported any adverse ef-

fects. TPCRS scores improved during the 18-week trial

and also in long-term (12–31 months) follow up (Figures

2A and 2B). The galactose therapy improved liver impair-

ment, transaminase levels, and coagulation (TPCRS-II), as
The Ame
previously reported (Figure 2B). All individuals who were

trialed on galactose had hypoglycemia before starting the

treatment. P2 and P11 had recurrent hypoglycemia that

had to be managed by tube feedings. Both individuals’

hypoglycemia resolved after treatment. P7–P10 had hypo-

glycemic episodes several times a year before the treat-

ment. P12 also had monthly hypoglycemic episodes,

which resulted in an inability to work. Though this indi-

vidual still presented with asymptomatic episodes of fast-

ing hypoglycemia even after being treated with galactose,

she regained full functionality.

Long-term therapy resulted in the improvement of mus-

cle impairment, as well (TPCRS-III; Figures 2A and 2C).

Notably, two of the individuals (P8 and P12) in our study

presented with at least one rhabdomyolysis episode, and

two other individuals (P10 and P11) suffered from muscle

weakness. All individuals improved on these measures

when on galactose. Myopathy is, however, very slowly

progressive in PGM1-CDG-affected individuals, though

the progression is quicker in individuals who have pre-

sented with rhabdomyolysis.6,13,14 In addition, the natural

history of PGM1-CDG is not well described, and most of

the individuals were started on galactose treatment soon

after diagnosis. Therefore, predicting the expected fre-

quency of rhabdomyolysis, as well as hypoglycemia and

seizures, without therapy in these individuals is difficult,

thus limiting our ability to fully assess the functional rele-

vance of these measures on galactose.

Strengthening the functional significance of the scores,

P11, who had steatofibrosis of the liver at the beginning

of the galactose trial, was subsequently removed from the

liver transplantation list. Critically, no hypoglycemic epi-

sodes, rhabdomyolysis, or seizures (common presentations

in PGM1-CDG as described above) were observed in any of

the individuals with PGM1-CDG during the treatment

trial, further strengthening the efficacy of the treatment.

In parallel, we also show that ICAM1 expression (ICAM-1

expression is downregulated when it is hypoglycosylated)15

is restored in individuals’ fibroblasts that are treated with

galactose, further indicating that the in vitro systemmimics

key aspects of the in vivo biology, and that PGM1-CDG

fibroblasts are a relevant model in which to study the dis-

ease and treatment mechanisms (Figure 2D).7

Galactose Treatment Does Not Alter PGM1 Activity

Despite the success of galactose therapy in PGM1-CDG,

the biochemical mechanisms, notably the mixed type-I

and type-II CDG profile,5 that underlie galactose therapy

have remained elusive.

To understand themode(s) of action of galactose therapy

in PGM1-CDG, we first investigated whether galactose

pharmacologically regulates PGM1 at the transcript or pro-

tein level, potentially compensating for the enzymatic

defect. We found no evidence for either phenomenon

in vitro (Figure S1).

The expression of PGM1, relative to its expression in un-

treated control fibroblasts, was equivalent with or without
rican Journal of Human Genetics 104, 835–846, May 2, 2019 839



Figure 2. Clinical and Biochemical Improvements After Galactose Supplementation in PGM1-CDG-Affected Individuals and Cells
(A) TPCRS (Tulane PGM1-CDG Rating Scale) scoring for individuals before galactose treatment and at the most recent follow up (12–
31 months; see Table S1). The scale describes TPCRS scores: higher scores represent a more severe phenotype (see Material and Methods).
(B) TPCRS scores from individuals prior to oral galactose treatment and at long term follow-up (LT; 12–31 months) for TPCRS sub-
categories I, II, and III and the combined scores.
(C) The effect of oral galactose supplementation on liver function (ALT, AST), coagulation systems (antithrombin III), and muscle
function (creatine kinase) in affected individuals prior to treatment, during an 18-week trial period, and at long-term follow-up (LT;
12–31 months). The control reference ranges are shown in green, and numerical values are displayed on the right.
(D) ICAM1 expression in PGM1-CDG fibroblasts (technical nR 2) relative to untreated controls (biological n¼ 3, technical n¼ 3) in the
absence and presence of 5 mM galactose in the medium.
The statistics are from paired (panels B and C) and unpaired (panel D) Student’s t tests, and error bars are 5 SEM. Abbreviations are as
follows: ALT ¼ alanine aminotransferase and AST ¼ aspartate aminotransferase.
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galactose treatment (Figure S1A). At the protein level, we

found that neither galactose nor its derivative (galactose-

1-P) at an excess of ligand have any significant binding

affinity change for the recombinant PGM1 enzyme (there

was a less than 1� change in the thermal-shift bindings as-

says [TSAs]). In comparison, the stable analog (Xylose-1-P)

of PGM1’s natural substrate (glucose-1-P) increased melting

temperature (TM) by 4.7�C, thus confirming the specificity

of PGM1 binding (Figure S1B).

Similarly, the enzymatic activity of recombinant PGM1

in a time-course assay was equivalent in the presence

or absence of galactose or its derivative, galactose-1-P

(Figure S1C).

Such activity data are also consistent with the modeling

of galactose in the active site of the reported crystal struc-

ture of PGM1; the modeling shows that galactose would

have unfavorable binding because of a lack of critical

enzyme interactions with the O4 hydroxyl residue of galac-

tose, as well as possible steric conflicts (Figure S1D).16,17

These results clearly demonstrate that galactose does not

modulate PGM1 expression or activity and that galactose

therapy affects glycosylation in PGM1-CDG by (an)other

mechanism(s).

Galactose Treatment Does Not Modulate Central

Carbon Metabolism Linked through Glucose-6-P, nor

Mitochondrial Function

We then undertook to map the effect of galactose therapy

in the metabolic context of disrupted PGM1 activity

(Figure 1A), which interfaces between central carbonmeta-

bolism (throughglucose-6-P) andglycogen andUDP-nucle-

otide monosaccharide metabolism (through glucose-1-P).

To address this question, we turned to the technique of

tracer metabolomics.18,19 This technique allows for the

study of systemic effects, as opposed to the study of just

a single enzyme pathway. By using this technique, we

aimed to understand the metabolic adaptions in our

PGM1-CDG cells and thereby highlight opportunities for

dietary therapies in PGM1-CDG and other CDG.

Focusing first on central carbon metabolism linked

through glucose-6-P, we analyzed the fate of both 13C6

glucose and 13C6 galactose (Figures S3A–C; statistics pro-

vided in Figure S4) in different culturing conditions (see

Material and Methods). Although PGM1-CDG fibroblasts

cultured in the presence of both glucose and galactose

appear to have altered activity (notably increased abun-

dance of the pentose phosphate pathway metabolites

[Figure S3A]) through a number of compartments of cen-

tral carbon metabolism linked through glucose-6-P, galac-

tose does not directly fuel this system (as seen by the lack

of labeling by 13C6 galactose). Similarly, galactose treat-

ment does not consistently alter the metabolic profile of

the central carbon metabolic network linked through

glucose-6-P (Figures S3A–C).

We further monitored both mitochondrial activity in

PGM1-CDG fibroblasts and the effect of galactose treat-

ment. We found that the energy charge ratio in PGM1-
The Ame
CDG fibroblasts that were cultured in the presence of

either glucose only or both glucose and galactose is equiv-

alent to that in untreated control fibroblasts (Figure S3D),

suggesting that there was no mitochondrial impairment.

To further evaluatemitochondrial activity on glucoseme-

dia, we examined the respiratory capacity of untreated

PGM1-CDG fibroblasts through oxygraphy (Figure S3E).

We observed no consistent change for coupled (complex V

[CV]-linked), uncoupled (maximal rate), or isolated CIV-

specific rates of respiration, although some individuals did

appear to have reproducibly elevated rates (Figure S3E).

To evaluate the effect of galactose on respiratory func-

tion, we monitored the activity of the mitochondrial respi-

ratory chain: CI–IV in PGM1-deficient fibroblasts cultured

in the presence or absence of galactose.With the exception

of CIII, none of the complexes in untreated or galactose-

treated PGM1-CDG fibroblasts had altered rates of activity

(Figure S3F), as normalized to either citrate synthase (CS)

activity (a marker for mitochondrial volume) or total pro-

tein (a marker for cell volume). For complex III, rates of

activity appeared elevated in both untreated and galac-

tose-treated PGM1-CDG fibroblasts relative to those in

untreated controls (Figure S3F), matching the tendency

for increased respiration in these cells (Figure S3E). The

basis of this increased activity is unknown, but it could

stem from altered levels of hexose-phosphates (see below),

which are reported to regulate CIII activity.20

This is critical, as fibroblasts cultured with galactose

alone as a carbon source are more susceptible to mitochon-

drial stress.21 By comparison, our fibroblasts cultured here

with glucose and galactose together show no such suscep-

tibility, further supporting the idea that galactose treat-

ment in PGM1-CDG in the presence of physiologic glucose

intake (as it is currently advised, and including frequent

feeding and corn starch therapy) is safe.

Galactose Treatment Replenishes Depleted Levels of

Galactose-1-P and the Nucleotide Monosaccharides

UDP-Glucose and UDP-Galactose

Accordingly, our focus shifted to mapping the metabolic

alterations that occur in PGM1-CDG fibroblasts in the

Leloir pathway that directly connects galactose and

glucose metabolism.

We observed via LC-MS that the total levels of hexose-P

species (glucose-P, galactose-P, fructose-P, and mannose-P;

Figure 1A) were depleted in PGM1-CDGfibroblasts cultured

on glucose only, and they were massively boosted by the

addition of galactose (Figure 3A; PGM1-CDGfibroblasts un-

treated at 0.5-fold and galactose treated at 6.1-fold, relative

to untreated control fibroblasts, respectively). Analysis of

these sub-populations in PGM1-CDG fibroblasts by GC-

MS strikingly reveals that galactose-1-P is the only hex-

ose-P isomer which is A) depleted and B) significantly

boosted by galactose therapy (Figures 3A and S5; galac-

tose-1-P in PGM1-CDG fibroblasts untreated at 0.6-fold

and galactose treated at 79.4-fold, relative to untreated

control fibroblasts, respectively). That glucose-1-P was not
rican Journal of Human Genetics 104, 835–846, May 2, 2019 841



Figure 3. Depleted Hexose-P and UDP-Hexoses in PGM1-CDG Fibroblasts are Rescued with Galactose Supplementation
(A) The relative abundances of total hexose-P (as resolved by LC-MS) and galactose-1-P and glucose-1-P (as resolved by GC-MS) in control
(biological n ¼ 3, technical n ¼ 1–4 for all panels) and PGM1-CDG fibroblasts (technical n ¼ 2–4 in panels A and B) cultured in glucose
(glc)-only medium or in glucose and galactose (glcþgal).
(B) The relative abundances (as resolved by LC-MS) of total UDP-hexoses and of UDP-glucose and UDP-galactose (as resolved by the
selective enzymatic conversion of UDP-glucose to UDP-glucuronic acid by UDP-glucose-6-dehydrogenase [UGDH]) in control and
PGM1-CDG fibroblasts cultured in glucose-only medium or in glucose and galactose medium.
(C) Tracer-based metabolomics in control and PGM1-CDG fibroblasts (from P1, P3, P5, and P6; technical n ¼ 2–4) cultured with or
without 2 mM galactose and with 13C6 glucose or

13C6 galactose. The metabolomics describe nucleotide-monosaccharide (UDP-hexose

(legend continued on next page)
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also depleted and only slightly increased in abundance af-

ter galactose treatment in PGM1-CDG cells is surprising.

This could stem from the fact that these individuals have

a secondary defect in the enzyme GALT (UDP-glucose þ
galactose 1-phosphate # glucose 1-phosphate þ UDP-

galactose) as previously reported.6 This secondary defect

in GALT may then cause a secondary block at glucose-1-P.

Because it is directly connected to galactose-1-P meta-

bolism, we also observed via LC-MS that UDP-hexoses

(UDP-glucose and UDP-galactose) were depleted in un-

treated PGM1-CDG fibroblasts and were boosted above un-

treated control fibroblast levels by galactose treatment

(Figure 3B; PGM1-CDG fibroblasts untreated at 0.5-fold

and galactose treated at 1.5-fold, relative to untreated con-

trols, respectively).

To help resolve the identity and abundance of the UDP-

hexoses, we enzymatically converted UDP-glucose to

UDP-glucuronic acid with UDP-glucose-6-dehydrogenase

(UGDH; EC: 1.1.1.22). By using this approach, we observed

that both UDP-glucose and UDP-galactose levels mirrored

changes in glucose-1-P and galactose-P levels. Specifically,

UDP-glucose and UDP-galactose appear depleted in un-

treated PGM1-CDG fibroblasts, and levels of both metabo-

lites were boosted with galactose treatment, although

UDP-galactose was boosted to much higher levels than

UDP-glucose (Figure 3B; UDP-glucose, 0.5- and 1.5-fold

and UDP-galactose, 0.4- and 7.8-fold in untreated and

galactose-treated PGM1-CDG fibroblasts, relative to un-

treated controls, respectively). The depletion of both

UDP-glucose, necessary for ER-related glycosylation, and

UDP-galactose, necessary for GA-related glycosylation,

critically provides a possible explanation for the mixed

CDG type I-II phenotype seen in affected individuals and

for its correction upon galactose treatment.

Tracer-basedmetabolomics provided another tool for un-

derstanding how metabolic activity in these cells was

altered (Figure 3C). Beyond observing that hexose-P and

UDP-hexose pools were depleted in untreated PGM1-

CDGfibroblasts, we also found that the fractional contribu-

tion (relative contribution of labeled carbons derived from

the tracer) from 13C6 glucose into hexose-P is much lower

in PGM1-CDG fibroblasts than in controls (control ¼
44%, PGM1-CDG¼ 28%; p value of a two-tailed, un-paired

t test ¼ 0.032).

We further observed that 13C6 galactose is specifically

linked to the production of the nucleotide monosaccha-

rides UDP-glucose and UDP-galactose in treated fibroblasts

(Figure 3C), but it is completely absent in the formation

of other key nucleotide monosaccharides such as UDP-N-
and UDP-hexNAc) biosynthesis from hexose-Ps (galactose-1-P, gluco
The different areas of the pie charts represent abundance relative to
fractional contributions from 13C6 glucose, 13C6 galactose, or other s
(D) Isotopologue profiling (m¼ the total number of carbons labeled fr
trol and PGM1-CDG fibroblasts (from P1, P3, P5, and P6; technical n
or 13C6 galactose. Blue and yellow shading over target molecules dep
galactose tracers, respectively, as identified by fragmentation analysi
and the error bars are 5 SEM.
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acetylhexosamines (UDP-hexNAc: UDP-glcNAc and UDP-

galNAc; Figure 3C)

Together, these data again suggest that galactose therapy

in PGM1-CDG is ultimately effective through the modula-

tion of UDP-monosaccharide levels.

To more specifically define the contribution of glucose

and galactose to the compositemolecules the UDP-hexoses

and UDP-hexNAcs, we investigated their isotopologue pro-

files (Figures 3D). We found that not only is the contribu-

tion of glucose massively reduced in UDP-hexoses in the

presence of galactose, but also that UDP-hexoses are meta-

bolically re-wired, as evidenced by distinct changes in their

isotopologue profiles (Figure 3D).

Specifically, inculture conditionsonlycontainingglucose,

both the ribose (m5 isotopologue) and hexose (m6 isotopo-

logue) moieties (combined m5 þ m6 ¼ m11) of UDP-hex-

oses appear to be substantially derived from 13C6 glucose

(Figure 3D). In contrast, in culture conditions with glucose

and galactose, 13C6 glucose appears to solely contribute to

the ribosemoiety of UDP-hexose (uniquem5 isotopologue),

and 13C6 galactose appears to contribute selectively to the

hexose moiety (unique m6 isotopologue; Figure 3D). By

comparison, the formation of UDP-hexNAcs is invariant in

the presence or absence of galactose (Figure 3D).

To validate our interpretation of the isotopologue data,

we performed a fragmentation analysis of UDP-hexoses

and UDP-hexNAcs (Figure S6). This approach generates

fragments that contain solely the ribose, uracil, or hexose

moieties (or combinations thereof) of the parent mole-

cules. The aforementioned metabolic re-wiring of the cell

by galactose treatment was validated by this approach.

Together, these data strongly suggest that galactose ther-

apy functions through the restoration of UDP-hexoses

(Figure 1A) by refueling the hexose moiety of these nucleo-

tide monosaccharides. In turn, impaired ER glycosylation

requiring UDP-glucose for N-glycan maturation (Figure 1B),

and GA glycosylation requiring UDP-galactose (Figure 1C),

may be restarted.

PGM1-CDG Fibroblasts Incorporate 13C6 Galactose in

De Novo N-Glycans

Finally, we followed the molecular fate of the nucleotide

monosaccharides (as described above) into the construc-

tion of mature N-glycans in the presence and absence of

galactose. This was achieved by hydrolyzing membrane-

associated N-glycans to yield their individual monosac-

charides, notably fucose, mannose, glcNAc, and galac-

tose. Using 13C6 tracer metabolomics, we re-traced their

origins from 13C6 galactose or 13C6 glucose in the culture
se-1-P, glucose-6-P, fructose-6-P, mannose-6-P, and mannose-1-P).
the untreated controls. Blue, yellow, and gray shading represents
ources, respectively.
om the described source) in UDP-hexose and UDP-hexNAc in con-
¼ 1) treated with or without 2 mM galactose and with 13C6 glucose
icts a significant fractional contribution from 13C6 glucose or 13C6

s (see Figure S6). The statistics are from unpaired Student’s t tests,
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Figure 4. 13C6 Galactose is Incorporated into Mature N-Glycans
(A and B) Membrane N-glycans from control (biological n ¼ 2, technical n ¼ 1–2) and PGM1-CDG (from P3, P5, and P6; technical n ¼
1–2) fibroblasts cultured in the presence of either (A) 13C6 glucose (glc) only or (B) glucoseþ galactose (glcþgal) with 13C6 glucose or

13C6

galactose were hydrolyzed, and the fractional contribution (% of 13C6-labeled carbons in the molecule) from 13C6 glucose (blue), 13C6

galactose (yellow), or other sources (gray) in fucose (F), mannose (man), galactose (gal), and glcNAc derived from the mature N-glycans
was resolved. The statistics are from unpaired Student’s t tests, and the error bars are 5 SEM. The bottom panels display the route of
nucleotide-monosaccharide construction for glucose and galactose monosaccharides under the different culture conditions in PGM1-
CDG fibroblasts, and they also display the resulting N-glycans that are produced through the ER and GA. Other abbreviations are as fol-
lows: SA ¼ sialic acid.
media, to nucleotide-monosaccharides including those

described above, and finally, as described here, into the

mature N-glycans. Fucose, mannose, glcNAc, and galac-

tose were the focus of our analysis because they are pre-

sent in mature membrane N-glycans, whereas glucose

only exists in the ER-associated, immature N-glycans (Fig-

ures 1B and 1C).

The result was a switch in the origin of galactose in the

mature N-glycans (Figure 4). Specifically, fibroblasts

cultured in media containing glucose only (untreated)

sourced the galactose found in mature N-glycans largely

from the supplied 13C6 glucose (Figure 4A; fractional

contribution from 13C6 glucose in the control ¼ 51%; in

PGM1-CDG ¼ 68%). In comparison, fibroblasts cultured

in media containing both glucose and galactose derived

the galactose found in N-glycans from the 13C6 galac-
844 The American Journal of Human Genetics 104, 835–846, May 2,
tose in the culture media (Figure 4B; fractional contribu-

tion from 13C6 galactose in the control ¼ 63%; in PGM1-

CDG ¼ 75%).

This contrasts with the origins of the other monosaccha-

rides (fucose, mannose, and glcNAc) that we monitored

and that were derived from the N-glycans; these were

invariably derived from 13C6 glucose, irrespective of the

culture conditions tested (Figure 4).

These data are significant, as they concretely link galac-

tose therapy to glycosylation and reiterate that the mecha-

nism is through replenishing depleted levels of galactose-

1-P and subsequently the nucleotide monosaccharides

UDP-glucose andUDP-galactose (Figure 4B). The restoration

of both metabolites can then restore both ER-linked glyco-

sylation (Figure 1B), requiring UDP-glucose, and GA-linked

glycosylation (Figure 1C), requiring UDP-galactose.
2019



Discussion

Treatment of IEMs, such as CDG, is inherently extremely

challenging and has so far met with limited success.22,23

PGM1-CDG is one of the few such CDG for which a suc-

cessful nutritional treatment exists in the form of oral

galactose therapy.7,24 Here, we show in eight individuals

with PGM1-CDG that long-term galactose supplementa-

tion improves the clinical progression of PGM1 deficiency,

and not just in their laboratory data. However, why PGM1

deficiency leads to its specific biochemical abnormality

(detectable as a mixed type-I and type-II CDG profile char-

acterized by the loss of glycans and glycan chains with

decreased galactose content) remained unclear. Addition-

ally, despite galactose’s apparent success with respect to

the clinical improvement of laboratory and glycosylation

abnormalities, the biochemical mechanisms that underlie

its positive effect—notably the reversal of deficient ER-

related glycan synthesis and GA-localized galactosyla-

tion—had remained elusive.

To address this question, we deployed tracer metabolo-

mics to understand the metabolic consequences of the

mutated PGM1 and its role in galactose therapy. Tracer me-

tabolomics is still an underexploited tool in the field of

IEMs,25,26 least of all in CDG, but it is powerful because

it allows for the study of systemic effects and not just the

single-enzyme analysis of old. By taking such a view, we

propose that we might take into account other, previously

overlooked metabolic adaptions in IEMs, and in doing so,

highlight opportunities for dietary therapies.

To this end, we report here that the mechanism by

which galactose therapy is effective in PGM1-CDG is

through bypassing metabolic defects in nucleotide-sugar

production by boosting depleted levels of galactose-1-P

and subsequently the nucleotide sugars UDP-glucose and

UDP-galactose (Figure 1A). Replenishing both metabolite

levels restores both ER-linked glycosylation that requires

UDP-glucose and GA-linked glycosylation that requires

UDP-galactose. In this study, we demonstrated the func-

tional significance of this labeling by showing that exog-

enous galactose replaces glucose for labeling galactose

sugars in mature glycans.

These observations are further relevant beyond just

PGM1-CDG because they offer significant clues on how to

approach the treatment of other CDG wherein it has been

observed that disrupted nucleotide-sugar activation (e.g.,

in PMM2-CDG), transfer and transport (e.g., in SLC35C1-,

SLC35A1-, B4GALT1-, and SLC35A2-CDG), or transport

regulation (e.g., inSLC38A9-, andTMEM165-CDG) is atplay.
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Supplementary methods  

qRT-PCR 

RNA was extracted using Nucleospin RNA II (Takara Bio). After reverse 

transcription (Quanta Biosciences), the expression of genes of interest (ICAM-

1, PGM1) were analysed using real-time PCR (MasterCycler Real Plex, 

eppendorf) together with the housekeeping gene hypoxanthine-guanine 

phosphoribosyltransferase (HPRT). Primer design for the genes of interests 

were obtained from PrimerBank (Table. S2)1-3. 

Thermal shift and in vitro enzyme activity assays 

Recombinant PGM1 (EC: 5.4.2.2) was expressed, purified, and phosphorylated 

to ~95 % as previously described (phosphorylation level of the active site serine 

is known to affect enzyme stability)4. For thermal shift assays, purified protein 

at 0.5 mg/ mL (7.8 µM) was combined with 1X SYPRO Orange reagent 

(ThermoFisher Scientific) and ligand (2.5 mM galactose, galactose-1-P or 

xylose-1-P) in 25 mM MOPS buffer, pH 7.0. Samples, in a final volume of 20 

µL, were placed in 96-well plates and data collected with a PikoReal™ Real-

Time PCR System (ThermoFisher Scientific). Samples were heated (30 °C to 

75 °C, Δ0.1 °C, duration 2 hrs, 15 s holds between heating steps). Samples 

were analysed in triplicate and the averaged data normalized to fraction 

unfolded as previously described5. TM values were calculated via interpolation 

of the curve at 50 % unfolded. Xylose-1-P, an analogue of substrate glucose-

1-P, was utilized for thermal shift assays because it is catalytically inactive.  

(xylose 1-P is identical to glucose 1-phosphate except for lacking the C6 carbon 

and its hydroxyl group, the site of phosphoryl transfer in the PGM1 reaction), 
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and was kindly synthesized by Dr Thomas Mawhinney4. Briefly, the conversion 

of glucose-1-P to glucose-6-P was coupled to NADH formation via glucose-6-

P dehydrogenase from Leuconostoc mesenteroides and monitored 

spectrophotometrically at 340 nm. Reactions were performed with 7.8 nM 

enzyme at 25 °C in 50 mM MOPS pH7.4, with 1 mM dithiothreitol, 1.5 mM 

MgSO4, and 0.9 mM NAD+ in the presence of the activator glucose-1,6-

bisphosphate at 1.0 μM. The substrate glucose-1-P was present in all samples 

at 200 μM; galactose, and galactose-1-P were added in separate assays at 10 

mM to investigate inhibition. 

Oxygraphy 

Oxygraphy was performed using the Oxygraph O2K from Oroboros instruments 

based on previous reports6. Briefly, 2 million cells, cultured as above, were 

harvested at 60-90 % confluency and injected per chamber, with subsequent 

injections of the following compounds to the final concentration of: digitonin, 

(Merck) 7.5 µg/ mL; pyruvate, 5 mM; malate, 0.5 mM; ADP (Calbiochem), 1 

mM; glutamate, 10 mM; succinate, 10 mM; CCCP, Δ0.5 µM till maximum 

respiration reached; rotenone, 75 nM; glycerophosphate, 10 mM; antimycin A, 

250 nM; ascorbic acid (Merck), 2 mM; TMPD, 0.5 mM; sodium azide, 200 mM. 

Oxygen saturation was maintained at ≥ 20 µM throughout the experiment, and 

at ≥ 180-200 µM before the measurement of isolated complex IV (CIV) activity. 

Enzymology 

Cells, cultured as above, were harvested at 60-90 % confluency and the cell 

pellet washed 2X with ice-cold PBS, after which the mitochondria were isolated. 

Briefly, the cell pellet was re-suspended in 1.25 mL ice-cold 10 mM Tris-HCl 

pH7.6 and mechanically homogenized with a glass/Teflon Potter-Elvehjem 
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homogenizer (8 strokes at 1,800 rpm). 250 µL ice-cold 1.5 M sucrose solution 

was then added, thoroughly mixed, and the cell debris pelleted by centrifuged 

(600 g, 10 min, 2 °C). The mitochondria-enriched pellet was then isolated by 

centrifugation (14,000 g, 10 min, 2 °C) and re-suspended in 450 µL 10 mM Tris-

HCl, aliquoted into 3 tubes, snap frozen in liquid nitrogen, and stored at -80 °C. 

All procedures were subsequently performed on ice.  

Enzyme assays were performed based on previously described methods7-11. 

Briefly, individual complexes of the respiratory chain (CI-CIV), succinate: 

cytochrome c oxidoreductase (SCC, CII and III), and citrate synthase (CS) 

enzyme activities were measured spectrophotometrically on a KoneLab 20XT 

analyzer (Thermo Scientific) following standard procedures12.  

Genetic analysis 

Molecular genetic analysis was performed in four new patients included in our 

study (P8, 9, 10, and 11, see Table S1) that underwent galactose treatment. 

Direct sequencing was performed in P11 and later on his parents based on 

clinical and biochemical evidence, while whole exome sequencing (WES) was 

performed on P8, 9, and 10 and the parents of P9 and 10 (reference sequence 

GenBank: NM_002633.2). Literature: HGMD (Human Gene Mutation 

Database) search (http://www.hgmd.cf.ac.uk), VEP (Variant effect predictor) 

analysis (http://grch37.ensembl.org/Homo_sapiens/Tools/VEP), PROVEAN 

(Protein Variation Effect Analyzer) analysis (http://provean.jcvi.org) and 

PolyPhen-2 analysis (http://genetics.bwh.harvard.edu/pph2/) were used to 

assess the potential pathogenicity of the novel genetic variants found in our 

patients. 
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Supplementary results  

Newly identified PGM1 mutations are likely pathogenic 

P8, 9, and 10 harboured homozygous mutations in PGM1 c.1544G>A, 

p.R515Q (dbSNP ID: rs1553121290), while P11 presented with homozygous 

mutation in PGM1 c.1014T>A, p.S338R (dbSNP ID: rs1453920894), both of 

which were not previously reported as pathogenic variants in the literature. P9 

and 10 are brothers, whose parents are heterozygous for the mutation, while 

P8 is their first cousin. All three patients are products of consanguineous 

marriages. Parents of P11 are non-consanguineous and are heterozygous for 

the c.1014T>A mutation (Supplementary Figure S2). 

c.1014T>A (SIFT=0.01 [deleterious], Poly-Phen2=0.998[probably damaging]) 

and c.1544G>A (SIFT=0.01 [deleterious], Poly-Phen2=0.765[likely damaging]) 

are both predicted to be likely pathogenic.  Due to the segregation in the family 

and in accordance with American College of Medical Genetics and Genomics 

guidelines1, we concluded both of the variants are likely pathogenic.   
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Supplementary figures 
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Figure S1: PGM1 expression and PGM1 thermodynamics are unaltered by 

galactose or its derivatives. A) PGM1 expression was measured by qPCR in 

PGM1-CDG fibroblasts (technical n = 1) relative to untreated controls (n = 3, 

technical n = 1) fibroblasts, in the presence or absence of 2 mM galactose (gal). 

Statistical comparisons between groups were evaluated by un-paired-student 

t-tests, and error bars represent ± SEM, dashed line represents average 

expression in untreated controls. B) Thermal shift assay for PGM1 in the 

presence of monosaccharide ligands as described. All ligands were added to a 

final concentration of 2.5 mM. Dashed line marks 50 % unfolded protein for 

reference. Technical n = 3. C) Time course of PGM1 activity with and without 

galactose monosaccharides (10 mM) added to the reaction. D) Modelling of 

glucose-6-P (glc-6-P) bound in the active site of PGM1. The catalytic 

phosphoserine (Ser117) and metal binding loop are shown for reference. The 

ability of PGM1 to bind both glucose-1-P and glucose-6-P relies on contacts 

between conserved amino acids (Glc376 and Ser378) and the O3 and O4 

hydroxyls of glucose. In galactose-based monosaccharides, the O4 hydroxyl 

has alternative stereochemistry (corresponding position highlighted in pink), 

which would result in loss of enzyme-monosaccharide contacts and possible 

steric clashes in the binding site. Model is derived from crystal structures of 

apo-PGM1 (PDB ID: 5EPC) and a complex of glucose-6-P with a related 

enzyme (PDB ID: 1P5G). Other abbreviation: xyl, xylose.  
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Figure S2: Family pedigree of novel patients.  Family pedigree of four newly 

identified patients (P8, 9, 10, & 11). 
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Figure S3: Galactose does not affect central carbon metabolism linked 

through glucose-6-P or OXPHOS activity. Tracer-based metabolomics in 

control (biological n = 3, technical n = 1-3) and PGM1-CDG (P1, 3, 5 and 6, 

technical n = 2-4) fibroblasts, with 13C6 glucose (glc) or 13C6 galactose (gal), 

describing A) the pentose phosphate pathway and upper glycolysis, B) lower 

glycolysis, and C) the TCA cycle. Area of pie represents abundance relative to 

the untreated controls. Blue, yellow and grey shading represents fractional 

contribution from 13C6 glucose, 13C6 galactose or other sources respectively. D) 

the energy charge ratio as determined by LC-MS. E) the respiratory capacity of 

control and PGM1-CDG fibroblasts on glucose only as assessed through 

coupled (CV-linked) and uncoupled respirometry (with CCCP; biological n for 

control = 5, PGM1-CDG = P1-6; technical n ≥ 3). F) The activity of individual 

OXPHOS complexes, or super complexes (CII+CIII), were determined 

spectrophotometrically in control (biological n = 3, technical n = 1) and PGM1-

CDG fibroblasts (P4, 5, 7 and 12, technical n = 1) cultured on either glucose 

only medium (glc) or glucose and galactose medium (glc+gal) and normalized 

either to citrate synthase (CS) activity or to protein content. Statistics by un-

paired-student t-tests, error bars are ± SEM. 
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Figure S4: Targeted metabolites resolved by tracer-based metabolomics. 

Targeted metabolites detected by tracer-based metabolomics in control 

(biological n = 3, technical n = 1-3) and PGM1-CDG (P1, 3, 5 and 6, technical 

n = 2-4) fibroblasts cultured in the presence or absence of 2 mM galactose, with 

13C6 glucose (glc) or 13C6 galactose (gal). Area of pie represents abundance 

relative to the untreated controls. Blue, yellow and grey shading represents 

fractional contribution from 13C6 glucose, 13C6 galactose or other sources 

respectively. Statistics measuring differences in the abundance of each group 

was by un-paired-student t-tests. Ratios between groups is also depicted 

(right). Abbreviations: 2/3 PG, 2 & 3 phosphoglyceric acid; α-KG; α-

ketoglutarate; GA3P, glyceraldehyde 3-phosphate. 
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`Figure S5: GC-MS resolution of mannose-6-P and glucose-6-P. Glucose-

6-P (glc-6-P) and mannose-6-P (man-6-P) were resolved by GC-MS in control 

(biological n = 3, technical n = 2) and PGM1-CDG (technical n = 2) fibroblasts 

cultured in the presence or absence of 2 mM galactose. Statistics measuring 

differences in the abundance of each group was by un-paired-student t-tests, 

error bars are ± SEM. 
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Figure S6: Fragmentation of UDP-Hexose and UDP-HexNAc. 

Fragmentation analysis of UDP-hexose and UDP-hexNAc in control (biological 

n = 2, technical n = 1) and PGM1-CDG (P1, 6, technical n = 1) fibroblasts 

cultured in the presence or absence of 2 mM galactose, with 13C6 glucose (glc) 

or 13C6 galactose (gal). m denotes number of carbon atoms labelled in each 

fragment, and table describes percentage labelled for each.  
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P1 F 16 c.1508G>A, p.R503Q, 

homozygous 
4 N/A New  

P2 M 11 c.787G>T, c.1551C>A 

p.D263Y, p.Y517X 
3 13 13 

P3 M 10 c.1162G>A, c.1547T>C 

p.E388K, p. L516P 
1 N/A 13 

P4 M 11 c.871G>A, c.1144+3A>T 

p.G291R 
0 N/A 14 

P5 F 20 c.1145-222G>T, 

p.G382Vfs*2 homozygous 
3 N/A 13 

P6 F 3 c.551delT, p.F184Sfs*9, 

homozygous 
ND N/A 13 

P7 M 10 c1010C>T, c. 1508G>A 

p.T33&M, p.R503Q 
5 24 15 

P8 M 4 c1544G>A, p. R515Q, 

homozygous (novel) 
ND 12 New  

P9 M 6 c1544G>A, p. R515Q 

homozygous (novel) 
ND 12 New  

P10 M 8 c1544G>A, p. R515Q 

homozygous (novel) 
ND 12 New  

P11 M 4 c.1014T>A 

homozygous (novel) 
ND 24 New  

P12 F 21 c1264C>t, c.1588C>T 

p.R422W, p.Q530X 
0 31 13 

P13 F 3 c.689G>A, p.G230E 

homozygous 
ND 19 16 

 

Table S1: PGM1-CDG patient descriptors. PGM1-CDG patients genetic, 

biochemical and demographic information as well as the galactose treatment 

duration. Abbreviations: N/A, non-applicable; ND, not described.  
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Target Forward Primer (5' -> 3') Reverse Primer (5' -> 3') Primer Bank 
ID 

HPRT 
TGAGGATTTGGAAAGGGTGT TGTAATCCAGCAGGTCAGCA N/A 

ICAM-1 
ATGCCCAGACATCTGTGTCC GGGGTCTCTATGCCCAACAA 167466197c1 

PGM1 
GAAAGATGGACTGTGGGCTGT  AGAACTGCTTCCCCACAAAGG N/A 

Table. S2. qPCR primers. Abbreviations: N/A, non-applicable.  
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Web sources 

dbSNP: https://www.ncbi.nlm.nih.gov/snp 

GenBank: https://www.ncbi.nlm.nih.gov/genbank/ 

LOVD: http://www.lovd.nl/3.0/home 

Poly-Phen2: http://genetics.bwh.harvard.edu/pph2/ 

PrimerBank: https://pga.mgh.harvard.edu/primerbank/ 

PROVEAN: http://provean.jcvi.org/index.php 

VEP: http://grch37.ensembl.org/Homo_sapiens/Tools/VEP 

Accession numbers 

Patient variants have been submitted to the Leiden Open Variation Database 

(LOVD) available to the general public (PGM1_000005, PGM1_000004). 
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