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Abstract Classical galactosaemia (OMIM#230400) is a rare
disorder of carbohydrate metabolism caused by deficiency of
the galactose-1-phosphate uridyltransferase enzyme (EC
2.7.7.12). The cause of the long-term complications, including
neurological, cognitive and fertility problems in females,
remains poorly understood. The relatively small number of
patients with galactosaemia and the lack of validated bio-
markers pose a substantial challenge for determining prog-
nosis and monitoring disease progression and responses to

new therapies. We report an improved method of automated
robotic hydrophilic interaction ultra-performance liquid
chromatography N-glycan analysis for the measurement of
IgG N-glycan galactose incorporation ratios applied to the
monitoring of adult patients with classical galactosaemia. We
analysed 40 affected adult patients and 81 matched healthy
controls. Significant differences were noted between the G0/
G1 and G0/G2 incorporation ratios between galactosaemia
patients and controls (p < 0.001 and <0.01, respectively).
Our data indicate that the use of IgG N-glycosylation
galactose incorporation analysis may be now applicable for
monitoring patient dietary compliance, determining prog-
nosis and the evaluation of potential new therapies.

Abbreviations
G0 Agalactosylated
G1 Monogalactosylated
G2 Digalactosylated
Gal-1-P Galactose-1-phosphate
GALT Galactose-1-phosphate uridyltransferase
HILIC-
UPLC

Hydrophilic interaction ultra-performance liq-
uid chromatography

Introduction

Classical galactosaemia (OMIM #230400) is a rare disorder
of carbohydrate metabolism caused by profound deficiency of
the galactose-1-phosphate uridyltransferase (GALT) enzyme
(EC 2.7.7.12). The disease is life-threatening if left untreated in
neonates. The only current treatment available is a lifelong
galactose-restricted diet. While this is life-saving in the
neonate, long-term complications persist in treated patients
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despite early diagnosis, initiation of treatment and shared
genotypes. These complications include cognitive impair-
ment, neurological and speech abnormalities and fertility
issues in female patients. The cause of the complications
remains poorly understood (Fridovich-Keil and Walter 2008;
Coss et al. 2014; Jumbo-Lucioni et al. 2012).

Reduced GALT activity results in decreased UDP-
galactose bioavailability and the toxic build-up of inter-
mediates of the galactose metabolism pathway. GALT
maintains the balance between UDP-glucose (glc), UDP-
galactose (gal), N-acetylgalactosamine (GalNAc) and N-
acetylglucosamine (GlcNAc) (Frey 1996). These four UDP-
hexoses are rate limiting for the biosynthesis of glyco-
proteins and proteoglycans, which form the foundation of
the extracellular synaptomatrix of synaptic cleft and
perisynaptic space (Dani and Broadie 2012).

Galactosaemia intoxicated neonates exhibit profound
glycan assembly defects demonstrable in circulating transfer-
rin and IgG. Galactosaemia patients (children and adults), on
dietary galactose restriction, also have demonstrable defects in
both assembly and processing ofN-glycans ( Charlwood et al.
1998; Sturiale et al. 2005; Quintana et al. 2009; Coman et al.
2010; Coss et al. 2012, 2013). These biochemical defects
resemble those observed in a number of congenital disorders
of glycosylation (CDG) types I (N-glycan assembly defects)
and II (N-glycan processing defects) (Freeze 2013). The
glycan synthesis abnormalities in galactosaemia are proposed
to result from a combination of decreased UDP-hexose
substrates and increased levels of galactose-1-phosphate (gal-
1-p) which cause ER stress and in turn disrupt glycosylation
and subsequently cause systemic genomic dysregulation
(Petry et al. 1991; Ornstein et al. 1992; Ng et al. 1989; Lai
et al. 2003; Slepak et al. 2007; Coman et al. 2010; Jumbo-
Lucioni et al. 2014; Coss et al. 2014). The proposed
alternative pathways of galactose metabolism may be more
active in some patients, offering a protective role against gal-
1-p intoxication, e.g. UDP-glucose pyrophosphorylase
(UGP), which has the ability to convert both gal-1-p and
glucose-1-phosphate to UDP-galactose and UDP-glucose,
respectively (Fridovich-Keil and Walter 2008).

In our previous studies, we have shown the presence of
ongoing IgG N-glycan processing defects in adults and
children with galactosaemia maintained on a galactose-
restricted diet. It is accepted that dietary restriction of
galactose is life-saving in the neonate. We have queried
whether over-restriction of galactose after the initial
perinatal galactose detoxication dietary treatment could
have an additive effect on the ongoing pathophysiology
on account of the continuing systemic glycosylation
abnormalities observed (Hughes et al. 2009; Coman et al.
2010; Coss et al. 2013, 2014).

The absence of reliable sensitive markers to monitor the
proposed cellular and systemic glycosylation abnormalities is

problematic. Measuring the proximal metabolite markers,
red blood cell (RBC) gal-1-p and urinary galactitol, is very
informative in the initial neonatal confirmation of satisfactory
treatment with a marked decrease noted in these metabolites.
After the neonatal stage of galactosaemia, measuring red blood
cell (RBC) gal-1-p and urinary galactitol, however, does not
identify minor deviations in the diet or differentiate between
patients. We (and others) have shown that RBC gal-1-p and
urinary galactitol measurements do not distinguish optimum
biochemical control in a gradual galactose diet liberalisation
study (Hutchesson et al. 1999; Hughes et al. 2009; Bosch
et al. 2004; Coss et al. 2012; Krabbi et al. 2011), whereas the
analysis of IgG N-glycan profiles measured by normal-phase
high-performance liquid chromatography (NP-HPLC)
showed consistent individual responses to diet liberalisation
(Coss et al. 2012).

We have recently reported an improved automated
hydrophilic interaction ultra-performance liquid chromato-
graphy (HILIC-UPLC) method of glycan analysis which has
allowed for more high-throughput processing of total IgG,
with improved glycan peak (GP) resolution (St€ockmann
et al. 2013). In our earlier preliminary studies reporting IgG
N-glycan galactose incorporation ratios (G-ratios) as poten-
tial biomarkers for determining galactose tolerance in
classical galactosaemia, we have applied this to small studies
in children and adults (Coss et al. 2012, 2013). Of note, we
have now reported this method in a moderate galactose
relaxation dietary study in children (using galactose content
of 300–500 mg/day). The method identified a number of
favourable responders with improved glycosylation ratios
with increasing galactose intake and an inverse relationship
between the G0/G2 ratio and circulating leptin receptor
(sOb-R) in the supplementation group (Knerr et al. 2015).

We now report the development and improvement of this
rapid automated method of measuring IgG N-glycan
galactose incorporation ratios (G-ratios), with a sample of
40 adult galactosaemia individuals from two populations
and the characterisation of adult healthy control ratios from
a large adult control dataset (81 matched healthy controls).
We have also increased the efficiency and turnaround time
of the test with development of the analysis now of
undigested IgG glycans, which bypasses the time required
for the glycan enzymatic digestion step.

Materials and Methods

Study Subjects and Characterisation

The study consisted of 32 classical Irish galactosaemia
patients, 14 female and 18 males, 28 homozygous for
Q188R, 2 heterozygous for Q188R/R333W and 2 hetero-
zygous for Q188R/K285N, with age range 13 to 36 years
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and average age 21 years, and 8 Dutch patients, 5 female and
3 males, all homozygous for Q188R, with age range 14 to 26
years and average age 18 years (Table 1). The full-scale
intelligence quotient (FSIQ) range for the Irish patients at last
testing was FSIQ range 47 to 126, with an average FSIQ of
81. The FSIQ range for the Dutch group of patients at last
testing was FSIQ range 56 to 97, with an average FSIQ of
71. The controls consisted of 81 healthy adults (25 Irish
adults, average age 35 years, obtained from a healthy
population health insurance screening panel and 56 Scottish
healthy controls, average age 29 years, from an Orkney
Islands, Scotland, healthy population epidemiological study).
All galactosaemia adult study patients were maintained on a
dietary galactose intake of less than 500 mg gal/day.

Ethical approval for this study was obtained from the
Ethics Committee of the Children’s University Hospital,
Dublin, Ireland, and the Ethics Committee of Maastricht
University Hospital. All procedures followed were in
accordance with the ethical standards of the responsible
committee on human experimentation (institutional and
national) and with the Helsinki Declaration of 1975, as
revised in 2000. Informed consent was obtained from all
patients for inclusion in the study.

Biochemical N-Glycan IgG Analysis

Isolation of IgG from Whole Serum

Whole serum was prepared from freshly spun blood samples
and immediately frozen at �20�C. IgG was isolated from
patient serum samples using a Protein G 96-well Spin Plate
for IgG Screening (Thermo Scientific, Dublin, Ireland), as
previously described (St€ockmann et al. 2013). The purity of
the isolated IgG was assessed using 10% reducing
SDS–PAGE gel in an XCell SureLock Mini-Cell (Invitro-
gen, Carlsbad, CA) according to the manufacturer.

Removal of N-Linked Glycans from IgG

N-glycans were released from the total IgG glycoproteins
(heavy and light chains) using the ultrafiltration plate high-
throughput method previously described.

2-Aminobenzamide (2-AB) Labelling of N-Glycans

Released N-glycans were labelled via reductive amination
with the fluorophore 2-AB as previously described. Tagging
the glycans with the fluorescent label, 2-AB, allows for their
detection at femtomole levels (St€ockmann et al. 2013).

Hydrophilic Interaction Ultra-performance Liquid
Chromatography (HILIC-UPLC)

2-AB-labelled N-glycans were separated by HILIC-UPLC
with fluorescence detection on aWaters ACQUITY™UPLC
H-Class instrument consisting of a binary solvent manager,
sample manager and fluorescence detector under the control
of Empower 3 chromatography workstation software
(Waters, Milford, MA, USA), as previously described
(St€ockmann et al. 2013). The HILIC separations were
performed using Waters BEH Glycan column,
150 � 2.1 mm i.d., 1.7 mm BEH particles, using a linear
gradient of 70–53% acetonitrile at 0.56 ml/min in 16.5 min
for IgG separation and a linear gradient of 70–53%
acetonitrile at 0.56 ml/min in 24.81 min. Solvent A was
50 mM formic acid adjusted to pH 4.4 with ammonia
solution. Solvent B was acetonitrile. An injection volume of
10 ml sample prepared in 70% v/v acetonitrile was used
throughout. Samples were maintained at 5�C prior to
injection and the separation temperature was 40�C. The
fluorescence detection excitation/emission wavelengths
were lex ¼ 330 nm and lem ¼ 420 nm, respectively.

Method Validation The recovery of the total IgG is
estimated to be 40%. The coefficient of variation for all
the 28 IgG N-glycan peaks (with peak % areas greater than
1%) was based on quadruplicate assays performed on four
different days and was below 10% for all major peaks as
published previously (St€ockmann et al. 2013). To assess
biological variation, samples were taken from one galacto-
saemia patient on three separate days. The biological
replicate CV for the total G0 peaks was 2%, and this was
3% for G1 and 2% for G2.

The system was calibrated using an external standard of
hydrolyzed and 2-AB-labelled glucose oligomers to create a
dextran ladder, as described previously (St€ockmann et al.
2013; Royle et al. 2008).

IgG N-Glycan G-Ratios

G-ratios are informative indicators of the level of galactose
incorporation into the N-glycan structures. The peak % areas
of agalactosylated (G0), monogalactosylated (G1) and
digalactosylated (G2) structures were determined to provide
a quantitative measurement of the incorporation of galactose

Table 1 Galactosaemia patients’ clinical characteristics

Ethnicity Irish Dutch

Patients 32 8

Age 21 (13–36) 18 (14–26)

Sex 14 F, 18 M 5 F, 3 M

Genotype 28: Q188R/Q188R, 2: Q188R/R333W,
2: Q188R/K285N

Q188R/Q188R

FSIQ 81 (47–126) 71 (56–97)
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into IgG N-glycans as we have previously described (Coss
et al. 2012, 2013).

Glycan Feature Statistical Analysis

A nonparametric, Wilcoxon–Mann–Whitney test was used
to examine potential differences in the G0/G1, (G0/G1)/G2
and G0/G2 ratios between the galactosaemia cases and
controls. The analysis was performed using R software
(www.r-project.org) with the R base package. Box plots
were constructed using GraphPad Prism.

Oxford Glycan Annotation System

The specific N-glycans were annotated according to the
Oxford notation system representing N-linked glycan com-
position and structure. The assignment of glycan structures
by HILIC-UPLC in serum was performed by comparison

with an updated GlycoBase 3.2 (http://glycobase.nibrt.ie/),
as well as assignments published (Royle et al. 2008;
St€ockmann et al. 2013). Assignment of the IgG glycans in
each peak was based on the analysis in Pučić et al. 2011.

Results

The characteristics of the 40 adult galactosaemia study
patients for the serum IgG N-glycosylation are shown in
Table 1. The study group consisted of 32 Irish and 8 Dutch
adult galactosaemia patients. All patients have classical
galactosaemia, and 36 of the 40 patients are homozygous
for the severe GALT mutation Q188R. The mean FSIQ of
the 32 Irish patients was 81 (range 47–126). The mean
FSIQ of the Dutch patients was 71 (range 56–97).

Figure 1 illustrates the peak assignments of the IgG N-
glycan profile as previously published (St€ockmann et al.
2013).

Symbols

GlcNAc

Mannose

Fucose

Galactose

NcuNAc

Linkage

β-linkage

unknown β-linkage

α-linkage

unknown α-linkage

Linkage Positions

2
3

4

6
8

GP

GU

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

5 6 7 8 9 10

Fig. 1 Representation of released undigested human IgG N-glycosyl-
ation profile and glycan structures. The linkages and abbreviations
used are seen in the boxed inset, and the major structures assigned are
based on the structural annotations for IgG described in St€ockmann

et al. (2013). GP glycan peak number, GU glucose units. Reprinted
with permission from St€ockmann et al. (2013). Copyright 2013
American Chemical Society
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In Table 2, the G-ratios for galactosaemia patients and
controls are shown with means and standard deviations.
The differences in G0/G1 and G0/G2 ratios between
patients and controls are all statistically significant (p
< 0.001 and <0.01, respectively), indicating the presence
of continuing N-glycan processing defects in these galacto-
saemia patients on dietary galactose restriction.

Figure 2 illustrates box–scatter plots of the distribution
of G-ratios between patients and controls. As noted in our
previous paediatric study, there may be overlap between
outlier control and galactosaemia patients (Coss et al. 2013;
Knerr et al. 2015). In this context, as previously noted, the
test may be best utilised to monitor intervention changes
using the patient acting as their own individual control. As
with our earlier studies, the adult galactosaemia patients
have higher levels of agalactosylated structures relative to
the controls (Coss et al. 2012, 2013).

Discussion

The development of informative and accurate biomarkers
which reflect the disease pathogenesis is paramount for the
management of galactosaemia, in view of the heterogeneity
and disappointing clinical outcomes, identifiable in at least
50% of treated individuals.

In our earlier studies, we have proposed that early
stage developmental, and later ongoing, disruptions to

Table 2 Adult undigested IgG N-glycan galactosylation average
ratios and SD

Group n G0/G1 G0/G2

Controls 81 0.65 (� SD 0.14) 0.78 (� SD 0.29)

Galactosaemia 40 0.75 (0.15) 0.95 (0.39)

Irish 32 0.73 (0.14) 0.95 (0.36)

Dutch 8 0.75 (0.18) 0.94 (0.50)

p-valuea, b 0.0004658 0.007318

a Statistical analysis (MANOVA)
b Controls vs. total galactosaemia patients

p < 0.001 p < 0.01 p < 0.01

G0/G1 G0/G2 G0/G1/G2

Fig. 2 Box–scatter plots of statistically significant G0/G1, G0/G2
and G0/G1/G2 ratios from adult undigested IgG N-glycans between
the total galactosaemia group and controls, with respective average G-
ratios and SD indicated in Table 2. Data are given in a box–scatter

plot to show the spread of the individual values. The diagram is made
up of a ‘box’, which lies between the upper and lower quartiles. The
median level divides the ‘box’ into two. Values for healthy controls
are shown in red and total galactosaemia patients are shown in blue
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glycosylation and related gene expression pathways may
have a role in the pathophysiology of classical galacto-
saemia. Perturbations to glycosylation during prenatal
galactose intoxication could lead to systemic defects
affecting long-term development in patients (Coss et al.
2013, 2014).

We have previously observed the correction of the gross
assembly defects in young galactosaemia children follow-
ing treatment with galactose restriction (Coss et al. 2013).
In addition, we have observed improved glycosylation
profiles in a number of adults with short-term moderate
dietary galactose liberalisation and now recently in chil-
dren, suggesting the upregulation of accessory glycosyl-
ation pathways (Coss et al. 2012; Knerr et al. 2015).

Beyond the untreated neonatal period, analysis of the
whole serum or plasma N-glycome is largely uninformative
in identifying subtle differences in glycosylation between
adults with galactosaemia (Liu et al. 2012).

Our automated high-throughput HILIC-UPLC method
applied to measure N-glycan abnormalities has been applied
to the study of IgG N-glycan synthesis abnormalities and to
the monitoring of a pilot study of moderate dietary relaxation
in children with galactosaemia (Coss et al. 2013; Knerr et al.
2015). We now report the improvement of this method, now
applied to a larger cohort of adult patients and controls, with
the use of a large independent control dataset. Also of note,
the G-ratios observed are similar in the Irish and Dutch
classical galactosaemia cohorts (Table 2).

In summary, we have now refined the recently improved
high-throughput automated HILIC-UPLC methodology of
the IgG N-glycan galactose ratios, (G0/G1) and (G1/G2)
as an indicator of processing defects in galactosaemia. In
agreement with our earlier studies, in the current study, we
have illustrated that treated adult galactosaemia patients
generally have increased agalactosylated (G0) and mono-
galactosylated (G1) structures, with decreases in certain
digalactosylated (G2) structures compared to healthy
controls. These reductions would seem to indicate a
continued lower percentage of galactose incorporation
into serum glycoproteins and continuing N-glycan pro-
cessing defects, in comparison to healthy individuals even
after the prenatal, neonatal and childhood periods of
intervention.

This further development of the IgG N-glycan G-ratios
provides a tool to monitor therapeutic interventions and
individualised metabolic/dietary control in affected adults
with classical galactosaemia. Further studies will study this
application in variant galactosaemia.
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Synopsis

The use of IgG N-glycosylation galactose incorporation
analysis by HILIC-UPLC analysis can be applied for
monitoring of optimum metabolic control for individuals
with classical galactosaemia.
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