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BACKGROUND: Congenital disorders of glycosylation
(CDG) represent 1 of the largest groups of metabolic dis-
orders with �130 subtypes identified to date. The majority
of CDG subtypes are disorders of N-linked glycosylation, in
which carbohydrate residues, namely, N-glycans, are
posttranslationally linked to asparagine molecules in
peptides. To improve the diagnostic capability for CDG,
we developed and validated a plasma N-glycan assay us-
ing flow injection–electrospray ionization–quadrupole
time-of-flight mass spectrometry.

METHODS: After PNGase F digestion of plasma glycopro-
teins, N-glycans were linked to a quinolone using a tran-
sient amine group at the reducing end, isolated by a hy-
drophilic interaction chromatography column, and then
identified by accurate mass and quantified using a stable
isotope-labeled glycopeptide as the internal standard.

RESULTS: This assay differed from other N-glycan profil-
ing methods because it was free of any contamination
from circulating free glycans and was semiquantitative.
The low end of the detection range tested was at 63
nmol/L for disialo-biantennary N-glycan. The majority
of N-glycans in normal plasma had �1% abundance.
Abnormal N-glycan profiles from 19 patients with
known diagnoses of 11 different CDG subtypes were
generated, some of which had previously been reported
to have normal N-linked protein glycosylation by
carbohydrate-deficient transferrin analysis.

CONCLUSIONS: The clinical specificity and sensitivity of
N-glycan analysis was much improved with this method.
Additional CDGs can be diagnosed that would be missed
by carbohydrate-deficient transferrin analysis. The assay
provides novel biomarkers with diagnostic and poten-
tially therapeutic significance.
© 2019 American Association for Clinical Chemistry

Congenital disorders of glycosylation (CDG)6 are ge-
netic defects that affect processes in the synthesis of gly-
coconjugates. The majority of CDG subtypes are disor-
ders of N-linked glycosylation, in which carbohydrate
residues, known as N-glycans, are posttranslationally
linked to the amino acid asparagine in peptides (Fig. 1)
(1 ). The clinical presentation among patients with CDG
is highly variable and difficult to diagnose (2 ). Although
next-generation sequencing has advanced the diagnoses
of CDG, functional or biochemical testing is still needed
to confirm the diagnoses and for monitoring disease pro-
gression and management (2, 3 ).

The N-glycan profiles of secreted glycoproteins in
plasma are highly heterogeneous. In addition to the com-
plex glycans, there are also N-linked polymannose gly-
cans, hybrids with both polymannose and sialylated an-
tennae, and core fucosylated and/or bisecting glycans.
Currently, carbohydrate-deficient transferrin (CDT)
analysis is the primary biochemical test available for
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Fig. 1. A scheme of the N-linked glycosylation pathway.

ER, endoplasmic reticulum; ERAD, endoplasmic reticulum-associated degradation; ERQC, endoplasmic reticulum-associated protein quality

control; GII, glucosidase II; CNX cycle, calnexin cycle; UGGT, UDP-glucose:glycoprotein glucosyltransferase; COG, conserved oligomeric Golgi

complex; OST, oligosaccharyltransferase; COPI or II, coat protein complex I or 2; TRAPP, trafficking protein particle complex; MnsI or II,

mannosidase I or II; GnTI, II, or III, GlcNAc transferase I, II, or III; GalT, galactosyltransferase; ST, sialyltransferase; FucT, fucosyltransferase;

GlcN-6P, glucosamine-6-phosphate. Human genes shown in the figure: PMM2,MPI, GMPPA, GMPPB, PGM3, NGLY1, DOLK, DHDSS, DPAGT1,

ALG13, ALG14, ALG1, ALG2, ALG11, RFT1, DPM1–3,MPDU1, ALG3, ALG9, ALG12, ALG6, ALG8, UGP2, GALE, ALG5, ALG10,MOGS, GMDS, TSTA3,

GK, FPGT, FUK, SLC35C1, SLC35A2, SLC35A3, GNE, NANS, NANP, CMAS, PGM1, and CAD.
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CDG diagnosis. Based on the changes of CDT, CDG
can be grouped into 2 major types. Type I CDG refers to
a reduction in the glycan occupancy of the glycosylation
sites of transferrin; type II CDG refers to the loss of sialic
acid residues of N-glycans on transferrin. However,
transferrin has only complex glycans, which limits its
application when testing for many CDG subtypes. Thus,
multiple laboratories have described methods for the
clinical application of plasma N-glycans to improve the
diagnostic capability for CDGs (4, 5 ). We recently dis-
covered novel N-linked di-, tri-, and tetra-saccharides
that are diagnostic markers for the most common type I
CDG subtypes (6 ). Although these small N-glycans are
potentially biomarkers, they are prone to interferences
from free glycans in the circulation and cannot be reliably
measured quantitatively using existing N-glycan assays.

To overcome this limitation, we developed and val-
idated a semiquantitative analysis of plasma N-glycans
using a flow injection–electrospray ionization–quadru-
pole time-of-flight (QTOF) mass spectrometry method.
An N-hydroxysuccinimide carbamate tag with a quino-
lone was added to the transient amine group at the re-
ducing end of N-glycans after they were freshly released
from glycoproteins using PNGase F enzyme. The labeled
N-glycans were isolated by hydrophilic interaction chro-
matography (HILIC) and then identified by accurate
mass (7 ). An isotope-labeled glycopeptide was added to
each plasma sample as the internal standard (IS) to quan-
tify or semiquantify targeted N-glycans. Because only
N-glycans have the transient amine group, this method
does not detect free circulating glycans, allowing accurate
measurement of small peptide-linked N-glycans with low
abundance. Because the analytical specificity and sensi-
tivity of this assay improves identification, we expanded
the N-glycan targets in normal plasma from 20 to 41,
including many with abundance �1% of total glycan
content, which could not be reliably identified or mea-
sured previously.

Here, we describe the characteristic N-glycan pro-
files of 17 patients with 10 different subtypes of CDG, as
well as 2 patients with archain 1 (encoded by ARCN17)
deficiency and 1 patient with classic galactosemia.

Materials and Methods

MATERIALS AND INSTRUMENT

RapiFluor-MSTM N-Glycan Kit and HILIC 96-well
�ElutionTM plates were purchased from Waters. [13C]-
sialylglycopeptide with �98% purity was purchased

from Omicron Biochemicals. Ammonium formate, ace-
tonitrile, water, human [Glu1]-fibrinopeptide B, and
transferrin were purchased from Sigma Aldrich. Mass
spectrometric analysis was performed on a Synapt G2
SiTM QTOF (Waters).

SAMPLES

Plasma samples from affected patients were either col-
lected with consent as part of the integrated omics study
of CDG protocol at the Children’s Hospital of Philadel-
phia (Institutional Review Board 14–011223) or for
routine clinical testing in the metabolic disease labora-
tory. Normal controls (n � 31) with an age range of 2
days to 65 years were either clinical samples with no
known CDG diagnosis or collected from healthy adult
volunteers. Of the control samples, 9 were from controls
between the age of 2 days and 1 year old, 14 from controls
between 1 and 18 years old, and 8 from controls �18
years old.

One patient with ALG3-CDG was diagnosed by
abnormal transferrin and whole exome sequencing with
homozygous R266C mutations. Six phosphomannomu-
tase 2 (PMM2) patients were diagnosed by (a) character-
istic N-glycan profiling with increased N-tetrasaccharide,
Man3, and Man4GlcNAc2; (b) deficient PMM2 enzy-
matic activity in leukocytes; and (c) targeted PMM2 gene
sequencing showing each patient carrying 2 compound
heterozygous mutations. One of the 6 PMM2 patients
had whole exome sequencing. One ALG1 patient was
previously described (8 ). She was diagnosed by abnormal
N-glycan profile and mutations in ALG1 gene. One
ALG9 patient was diagnosed prospectively by N-glycan
analysis, confirmed by targeted gene analysis and previ-
ously described (9 ). One patient with STT3B-CDG was
diagnosed by whole exome sequencing. STT3B is the
only disease-causing gene reported to carry 2 heterozy-
gous predicted mutations, 1 inherited from the father
and the other from the mother. DDOST and SSR4-
CDG samples were positive control samples from Mayo
Medical Laboratory with no molecular genetics data pro-
vided; the patient with PGM1-CDG was a published
case diagnosed by enzymatic activity and mutations (10 );
the patient with CAD-CDG was the original patient
published by Ng et al. (11 ); 3 SLC35A2 female patients
were diagnosed by whole exome sequencing with de
novo mutations; 2 ARCN1 patients were published
cases by Izumi (12 ). One classic GALT galactosemia
patient was diagnosed by deficient red blood cell
galactose-1-phosphate uridylyltransferase activity and
homozygous Q188R mutations.

N-GLYCAN PREPARATION

N-Glycan preparation was carried out with a RapiFluor-
MS N-Glycan Kit following the manufacturer’s instruc-
tions. Briefly, 7.5 �L of 10� diluted heparinized plasma,

7 Human genes: ARCN1, archain 1; ALG1, ALG1 chitobiosyldiphosphodolichol beta-man-
nosyltransferase;ALG3,ALG3alpha-1,3-mannosyltransferase;ALG9,ALG9alpha-1,2-man-
nosyltransferase; PMM2, phosphomannomutase 2; PGM1, phosphoglucomutase 1;
SLC35A2, solute carrier family 35 member A2.

Plasma N-Glycan Quantification by ESI-QTOF
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7.5 �L of [13C]-sialylglycopeptide (100 �g/mL), 6 �L of
buffered RapiGest SFTM solution (5%, w/v), and 7.8 �L
of water were mixed, heated at 90 °C for 3 min, and
cooled to room temperature. Next, 1.2 �L of Rapid
PNGase FTM was added to the mixture and incubated at
52 °C for 5 min and cooled to room temperature. Then
12 �L of RapiFluor-MS reagent in anhydrous dimethyl-
formamide (6.9%, w/v) was added, incubated at room
temperature for 5 min, and diluted with 358 �L of ace-
tonitrile. A HILIC 96-well �Elution plate operated on a
vacuum manifold was used to isolate N-glycans. The
wells were conditioned with 200 �L of water and then
equilibrated with 200 �L of 85% acetonitrile/water (v/
v). The sample was loaded into the wells and washed
twice with 600 �L of 1% formic acid in 90% acetoni-
trile/water (v/v), before elution with 3� 30 �L of elution
buffer.

QTOF ANALYSIS

The mass spectrometric analysis was performed on the
Waters’ Synapt G2 Si QTOF in positive ion mode.
Then, 2 �L of the N-glycan sample was delivered to the
electrospray ionization (ESI) source through direct flow
injection. Mobile phase A was 50 mmol/L ammonium
formate, pH 4.4, and mobile phase B was 100% aceto-
nitrile. Flow rate of 25% A and 75% B was set at 0.2
mL/min. Source temperature was 120 °C, and the desol-
vation temperature was 350 °C, with gas flow of 800 L/h.
Cone and capillary voltage was 45 V and 3.0 kV, respec-
tively. Data were acquired in resolution mode. Mass scan
range was between 300 and 2000 m/z. Lockspray was
used for mass calibration with 100 fmol/�L [Glu1]-
fibrinopeptide B in 50% acetonitrile, 0.1% formic acid.
The resolution used for this analysis was around 20000
full width at half maximum.

SEMIQUANTITATION AND CALCULATION

The IS was a custom-synthesized 13C-labeled glycopep-
tide (product no. AAG-005) and commercially available
at Omicron Biochemicals. This glycopeptide has a 13C-
labeled N-glycan, [13C6]-NeuAc2Gal5GlcNAc4 with
each NeuAc labeled with 3 13C, which is linked to the
asparagine of the hexa-peptide NH2-Lys-Val-Ala-Asn-
Lys-Thr-COOH. Then, 750 ng of IS was added to each
plasma sample. The intensities of each N-glycan species
including the isotope-labeled N-glycan from the IS at
m/z 1271.0199 were analyzed by NeoLynxTM. The con-
centration of the N-glycans was calculated as:

c � concentration

cN-glycan �
Absolute IntensityN-glycan

Absolute Intensityinternal standard

� cinternal standard

Results

EXPANDED N-GLYCAN PANEL

We used this assay to evaluate 53 unique N-glycans that
have been identified in different human tissues in the
consortium for functional glycomics database (13 ) or
identified previously in CDG patients (4, 5 ). Both the
observed and predicted mass of these glycans are shown
in Table 1 of the Data Supplement that accompanies the
online version of this article at http://www.clinchem.org/
content/vol65/issue5. All the glycan ions evaluated had
the fragment of the derivation tag and known glycan
fragment ions as shown in Fig. 1 of the online Data
Supplement. All the glycans were identified as proton-
ated ions with 2 charges. Only the ions within 0.0001
m/z of the observed m/z were analyzed in plasma.
The m/z difference between certain glycans such as
Hex12HexNAc2 and Neu5Ac2Fuc1Hex5HexNAc4 was
only 0.019. Thus, high mass accuracy was able to separate
these species. Forty-one of these N-glycans, including 10
polymannose glycans, 14 complexed or hybrid glycans,
and 17 core fucosylated and/or bisecting glycans, were
consistently detected in normal human plasma, and more
were detected in the plasma from known patients with
CDG.

ANALYTICAL SPECIFICITY AND SENSITIVITY

To assess the analytical specificity of our assay for
N-glycans, we measured the interference from free glycans
by comparing the measurement of N-glycans with and
without PNGase F digestion. As shown in Fig. 2, we did not
detect any N-glycan signal in the control plasma samples
without PNGase F digestion.

The linearity range of N-linked disialo-glycan at m/z
1298.0115 was measured using 0.005 to 20 g/L transfer-
rin. The linearity range for this glycan was 2.6 to 506
�mol/L, which were released from 0.1 to 20 g/L trans-
ferrin (Table 1 and Fig. 3A). The low end of detection
range tested for this N-glycan was 63 nmol/L. Another 27
N-glycan species from pure human transferrin were semi-
quantified. Their linearity ranges are listed in Table 1
with the R2

� 0.99 and the linearity curves of selected
N-glycans shown in Fig. 3. The linearity curves of some
minor glycans with similar abundance and structure had
similar slopes and intercepts (Fig. 3, B and C), implying
that these glycans had similar ionization properties and
their quantity could be directly compared. The linearity
curves of glycans with different structures had different
slopes and intercepts, showing the presence of bias and
potential interferences in the semiquantification process.
More specific standards are required for their quantifica-
tion (Fig. 3, D–F).

To better assess the linearity range for N-glycan spe-
cies not detected on transferrin, a serial dilution (1–
100�) of a plasma sample from a patient with ALG3-

656 Clinical Chemistry 65:5 (2019)
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CDG was performed. We found that the 45 N-glycans
detected in this plasma all had a linear correlation of
dilution with R2

� 0.99 (see Table 2 in the online Data
Supplement).

ASSAY IMPRECISION AND SAMPLE STABILITY

To study intraassay and interassay imprecision, we ana-
lyzed 3 different samples—purified human transferrin
protein, normal plasma, and PMM2-CDG plasma—
representing low, mid, and high abundance of diagnostic
N-glycans, respectively (see Table 3 in the online Data
Supplement). The intraassay (n � 10) CV of the major-
ity of N-glycans was �10%. The majority of the
N-glycans also had an interassay CV (n � 20) of �15%.

The stability of plasma or serum N-glycans was as-
sessed by storing the whole blood or serum at room tem-
perature for 0, 24, and 48 h. The N-glycan percentages in
whole blood or serum were stable at room temperature
for up to 48 h (see Table 4 in the online Data Supple-
ment). The variability between plasma and serum was
�13% CV with no particular trend.

REFERENCE RANGES

Reference ranges for plasma N-glycan abundance were
collected with 31 controls with different ages and sex (see
Table 5 in the online Data Supplement). Scatter plots of
glycan abundance of these normal controls are shown in
Fig. 4 in gray. The glycan abundance among normal

controls was distributed normally with no subgroups
identified, consistent with previous experience (4 ).

PMM2-CDG

PMM2-CDG is the most common subtype of CDG di-
agnosed worldwide. PMM2 encodes phosphomannomu-
tase 2 (PMM2). As many as 75% of patients diagnosed
with CDG have mutations in PMM2; therefore, specific
biomarkers are needed for expedited diagnosis and treat-
ment monitoring of these patients (2 ).

Plasma samples from 6 PMM2-CDG patients were
analyzed. Increased N-linked GlcNAc2 Man2–4 (Man0–4)
was detected in all of them with reduced Man7–9 abun-
dance (Fig. 2 and Fig. 4A). The increase of Man3 and the
ratio of Man4/6 were the consistent changes we detected
among these patients (Fig. 4B; see also Table 5 in the online
Data Supplement). In the 63-year old man with PMM2-
CDG, the plasma values of Man3 were borderline high at
0.76% (reference, �0.80%), as was the Man4/6 ratio at
0.59 (reference, �0.61), whereas the Man6/9 ratio was bor-
derline low at 2.0 (reference, �2.1).

We previously reported that increased mannose-
deprived Tetra (N-GlcNAc2Gal1Sial1) are diagnostic
and potentially therapeutic biomarkers for PMM2-CDG
(6 ). The percentages of Tetra were increased in the
plasma from 5 patients with PMM2-CDG (Figs. 2C and
Fig. 4B; see also Table 5 in the online Data Supplement).
Tetra was not detected in the plasma from one 63-year

Fig. 2. Characteristic total ion chromatograms ofN-polymannose glycans in control plasma, its background, and in 6 different type

I CDG samples.

Overlay of total ion chromatograms of Man0 (A), Man1/Gal1 (B), tetrasaccharide (C), Man2 (D), Man3 (E), Man4 (F), Man5 (G), and Man6 (H)

of normal control plasma (in black), normal control without PNGase F digestion as its background signal (brown), ALG3-CDG (gray), ALG1-CDG

(red), ALG9-CDG (28 ), PMM2-CDG (blue), DDOST-CDG (purple), and STT3B-CDG (pink).

Plasma N-Glycan Quantification by ESI-QTOF
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old patient with PMM2-CDG who had a very mild
clinical phenotype. Comparing the total ion chro-
matogram of PMM2-CDG with those of other type I
CDGs, the increases of Tetra, in combination with
increased Man4/6 ratio differentiated PMM2-CDG
from other type I CDGs (see Figs. 2, C, F, and H, and
4B). Interestingly, a previously unrecognized fucosy-
lated monoantennary glycan at m/z 1012.89 was also
increased in the majority of patients with PMM2-
CDG (highlighted by the arrow in Fig. 4D).

OTHER TYPE I CDGS

Plasma N-glycan measurement of samples from 6 pa-
tients with 6 non-PMM2 type I CDGs were also ob-
tained (Figs. 2 and 4; see also Table 5 in the online Data
Supplement). In a patient with asparagine-linked glyco-
sylation 1 (ALG1)-CDG, as anticipated based on our
previous studies (6, 8 ), the abundance of mannose-

deficient Man0, Gal1, and Tetra was increased (Figs. 2,
A–C, and 4, A and C; see also Table 5 in the online Data
Supplement). The values for the other N-linked high
mannose glycans were normal in ALG1-CDG. In multi-
ple samples from 1 patient with ALG3-CDG, the abun-
dance of N-linked Man0–4 is increased with reduced
abundance of Man6 and Man8–9 (Figs. 2 and 4A; see
also Table 5 in the online Data Supplement), consistent
with the role of the enzyme encoded by ALG3 in synthe-

sizing Man6 from Man5 (Fig. 1). Tetra was absent in
ALG3-CDG plasma (Fig. 2C).

In a sample from a single patient with ALG9-CDG,

consistent with a previous report (9 ), N-linked Man0–6
(Fig. 2) were increased, with reduced abundance of
Man8–9 (Fig. 4A; see Table 5 in the online Data Sup-

plement). The observed very high ratio of Man6/9 and
Man5/9 in plasma from this patient plasma is consistent

Table 1. Linearity range of transferrin N-glycans.

Glycan LR Tfa, mg/mL
LR glycan,
μmol/L R

2 Glycan LR Tf, mg
LR glycan,
μmol/L R

2

0.01–20 0.5–19.6 0.9975 1–10 0.3–1.6 0.9975

0.01–20 1.5–69.3 0.9975 1.0–20 0.5–2.3 0.9991

0.01–20 1.6–59.4 0.9982 1.0–20 0.06–0.40 0.9986

0.01–20 2.6–12.1 0.9981 1.0–20 0.4–5.0 0.9969

0.01–20 2.6–506.3b 0.9922 1.0–20 0.02–0.44 0.9979

0.01–10 0.8–9.8 0.9990 1.0–20 0.1–0.4 0.9905

0.5–5 0.2–1.1 0.9930 1.0–10 0.09–0.40 0.9925

0.1–20 0.7–5.1 0.9946 1.0–20 0.13–0.28 0.9922

0.1–20 0.4–3.3 0.9982 1.0–20 0.03–0.8 0.9948

0.1–10 0.4–1.4 0.9983 2.50–20 0.04–0.27 0.9913

0.5–5 0.1–0.6 0.9954 2.50–20 0.04–0.20 0.9996

0.5–20 0.1–1.1 0.9928 2.50–20 0.06–0.8 0.9948

0.5–20 0.07–0.56 0.9986 2.50–20 0.03–0.26 0.9968

0.5–20 0.2–0.7 0.9915 2.5–20 0.7–3.8 0.9998

a LR, Linearity range; Tf, transferrin.
b Linearity range of disialo-biantennary glycan is based on its concentration calculated from transferrin standard. All the other glycans’ concentration on transferrin standard is

unknown; thus, the semiquantified/measured concentration is shown.

658 Clinical Chemistry 65:5 (2019)
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with the function of the enzyme encoded by ALG9 in
assembling Man8 and Man9 from Man6 in the endoplas-
mic reticulum (Fig. 1; see Table 5 in the online Data
Supplement).

Translocon is the large protein complex that transports
nascent polypeptides with a targeting signal sequence into
the luminal space of the endoplasmic reticulum from the
cytosol for glycosylation (Fig. 1). Deficiencies in compo-
nents of translocon, including subunits of oligosaccharyl-
transferase (OST) complex that transfer oligosaccharides
from dolichol to the nascent protein and signal sequence
receptors (SSR), can cause type I CDGs (14–16). Known
CDG subtypes in this group are subunit 3� of the oligosac-
charyltransferase complex (STT3A)-CDG, STT3�-CDG,
dolicyl-diphosphooligosaccharide–protein glycosyl-
transferase (DDOST)-CDG, and SSR4-CDG (Fig. 1).
These CDG subtypes are difficult to diagnose because
the transferrin profiles are often normal. We measured
plasma N-glycan profiles of 1 patient with STT3�-
CDG, 1 patient with DDOST-CDG, and 1 patient with
SSR4-CDG. We detected increases of Man4–8 abun-
dance in the STT3�-CDG plasma (Fig. 2; see also Table
5 in the online Data Supplement). Similarly, increased
abundance of Man4–6 and Man9 was detected in the

DDOST-CDG plasma (Figs. 2 and Fig. 4A; see also
Table 5 in the online Data Supplement). Mildly in-
creased Man5 and Man6 abundance and Man9/2 ratio
were also detected in the plasma sample from a patient
with SSR4-CDG, although such increases in SSR4-
CDG were lower than those in STT3�-CDG or
DDOST-CDG (Fig. 2; see Table 5 in the online Data
Supplement). Thus, the common abnormal N-
polymannose could potentially be used to confirm defi-
ciencies in translocon.

TYPE II CDG

The plasma N-glycan profile has been reported to be
optimal for detecting glycosylation changes in patients
with type II CDG (3, 4 ). To test the clinical sensitivity of
our new method, we generated plasma N-glycan profiles
from samples from 5 patients with CDG type II. Four of
these 5 samples had previously been shown to have nor-
mal CDT profiles.

Phosphoglucomutase 1 (PGM1)-CDG shows
mixed type I and type II CDG pattern by CDT analysis.
Oral galactose supplementation improves protein glyco-
sylation in these patients, and their CDT profiles often
fluctuate close to or within normal ranges posttreatment

Fig. 3. Analytical measurement range of N-disialo-biantennary glycan and the linearity range of other representative N-glycans

using pure human transferrin as the standard.

The limit of quantification of disialo-biantennary glycanwas determined by an isotope dilutionmethod and shown in (A). The concentration of

transferrin standard is presented on the x axis, and the measured N-glycan concentration from transferrin is presented on the y axis. The

dilution studies of other glycans semiquantified from transferrin standard are shown in (B–F), of which the concentration of semiquantified

glycans is presented on the y axis and plotted against a series concentration of transferrin on the x axis. Monosialo-biantennary glycan (B) and

monoantennary glycans (C) have similar abundance on transferrin. The slope and intercept of their linearity curves are also similar. The

monoantennary glycan (C) has not previously been reported on normal transferrin. Monogalactosylated glycan (D) and bisected glycan (E)

have similar abundance on transferrin, but the slope of their linearity curve is different.N-Man2GlcNAc2 (F) represents an intermediate glycan

on transferrin with the lowest abundance.
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(10, 17 ). The plasma N-glycan profiles from a patient
with PGM1-CDG, who was on a trial of galactose ther-
apy as described before (10 ), were analyzed. N-Glycan
abundance in samples collected after �3 months of 0.5,
1, and 1.5 g/kg/day D-galactose supplement are shown in
Table 2. Although the CDT profiles fluctuated within
normal limits, all the samples showed abnormal N-glycan

abundance with increased abundance of monogalactosy-
lated glycans at m/z 1049.91. We observed minimum
fluctuation in N-glycan abundance between samples that
were collected at different time points with the same ther-
apy. The agalactosylated and monogalactosylated glycan
abundance, Man9/0, and monogalactosylated/disialo
glycan ratios trended toward normal in a dose-dependent

Fig. 4. Plasma N-glycan levels in type I and type II CDG patients compared with normal controls.

(A), The overlays of plasmaN-highmannose abundance (% total glycan) in type I CDGpatients (red), type II CDGpatients (blue), and 31normal

controls (gray). (B), Selected ratios betweenN-linked highmannose among type I CDG patients, type II CDG, and normal controls. (C), Plasma

N-linked complexed glycan levels in type I CDG patients, type II CDG, and normal controls. (D), Plasma N-linked fucosylated and bisected

N-glycan levels in type I CDG patients, type II CDG, and normal controls. The abundance ofN-linkedMan5 (A) and the ratio ofMan5/Man9 (B),

highlighted by blue rectangles, separate most CDG patients from the normal controls. Among complexed glycans, the abundance of 2

monogalactosylated glycans (highlighted by blue arrows) separates most patients with CDG from the normal controls (C). A fucosylated

monoantennary glycan and a monogalactosylated glycan (highlighted by blue arrows) are representative plasma N-glycan markers that

separate patients with CDG from normal controls.

Table 2. N-Glycan changes in a PGM1-CDG patient on different doses of galactose therapies.

N-Glycan
abundance

Agalactosylated
glycan

Monogalactosylated
glycan Man9/Man0

Mono-gal/di-sialo
biantennary

Control 0.08%–0.61% 0.82%–1.98% 8.2%–18.2% 0.02–0.07

PGM1-CDG (0.5 g/kg galactose) 0.75 ± 0.17a 4.41 ± 0.14 8.79 0.21

PGM1-CDG (1.0 g/kg galactose) 0.48 ± 0.11 3.53 ± 0.31 9.06 0.16

PGM1-CDG (1.5 g/kg galactose) 0.44 ± 0.08 3.46 ± 0.14 15.91 0.12

a Mean of N-glycan measurement of at least 3 plasma samples collected on different days.
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manner with the increase of galactose supplementation.
These findings support that our semiquantitative
N-glycan analysis could be used to monitor PGM1-
CDG patient response to galactose therapy more opti-
mally than the use of CDT monitoring.

Solute Carrier Family 35 Member A2 (SLC35A2)-
CDG results from an X chromosome-linked deficiency
in a Golgi UDP-galactose transporter. Most patients
with SLC35A2-CDG are females with early infantile ep-
ileptic encephalopathy, many of whom carry de novo
heterozygous mutations. CDT profiles are reportedly
normal in many of them (18, 19 ). Interestingly, in 1
female SLC35A2-CDG patient who was reported to
have abnormal CDT, CDT improved rapidly with oral
galactose supplementation (20 ). Thus, a more clinical
sensitive and consistent biomarker for this disease is
needed. The N-glycan profiles of multiple plasma sam-
ples from 3 known female patients with SLC35A2-CDG
were obtained, and all samples showed persistent in-
creases in monogalactosylated or agalactosylated glycans.
In addition, mildly increased N-Man5 and Man5/9 were
also noted, with reduced or borderline low Man9 abun-
dance (Fig. 4) (21 ). CDT profiles of 2 of the 3 patients
were normal.

Carbamoyl-phosphate synthetase 2 aspartate tran-
scarbamylase and dihydroorotase (CAD)-CDG is a defi-
ciency in cytosolic trifunctional enzyme that contains
carbamoyl-phosphate synthetase 2, aspartate transcar-
bamylase, and dihydroorotase activities. The affected pa-
tient has a persistently low urine orotic acid concentra-
tion, ranging from 0.11 to 0.19 mmol/mol creatinine
(reference, 1.12–2.52), and reduced UDP-galactose and
UDP-GlcNAc production (11 ). The CDT profile has
been reported to be normal in CAD-CDG. We identified
mild hypogalactosylation of plasma N-glycans in the pa-
tient before uridine supplementation (not shown). After
uridine treatment, which is the therapeutic option for
this disorder, we still saw a borderline increase of
monogalactosylated glycan at 2.88% (reference, �1.98),
along with reduced disialo-biantennary glycan at 23.9%
(reference, �24.3). Thus, the N-glycan changes in CAD-
CDG support persistent hypogalactosylation as a bio-
chemical feature of this disease (Fig. 4C).

Heterozygous loss of function mutations in ARCN1
cause a disorder characterized by facial dysmorphism,
severe micrognathia, microcephaly, rhizomelic short stat-
ure, and developmental delay (12 ). ARCN1 encodes the
subunit � of coat protein complex 1 (COP1). Similar to
the conserved oligomeric Golgi (COG) complex, COP1
coats vesicles that retrograde transport proteins from
Golgi to endoplasmic reticulum and influences the Golgi
structural integrity and processing activity. Because most
genetic defects in COG complex subunits are type II
CDGs, we hypothesized that a defect in COPI coatomer
would also affect protein glycosylation. We tested plasma

samples from 2 patients with ARCN1 mutations. Both
showed borderline increases of Man5 accompanied by
mild reductions in Man9, leading to increased Man5/9
ratios. These changes are similar to the known polyman-
nose changes in patients with COG4 or COG7-CDG
(4 ).

SECONDARY GLYCOSYLATION CHANGES IN CLASSIC

GALACTOSEMIA PATIENTS

Classic galactosemia is caused by mutations in the
galactose-1-phosphate uridylyltransferase gene that encodes
an enzyme that facilitates the conversion of UDP-glucose
and galactose-1-phosphate (Gal-1-P) to UDP-galactose and
glucose-1-phosphate. Secondary glycosylation changes have
been reported in patients with uncontrolled classic galac-
tosemia (22). We tested a plasma sample from a 5-day-old
patient with homozygous Q188R mutations in the
galactose-1-phosphate uridylyltransferase gene before the
initiation of the treatment. The red blood cell Gal-1-P con-
centration was 138 mg/dL hemoglobin (reference, �1.5
mg/dL). Quantitative N-glycan analysis of the same sample
showed increased Man0–4 and decreased Man6, Man8,
and Man9 (see Table 5 in the online Data Supplement).
The abundance of Man9 was reduced at 0.39% (reference,
0.82–1.36) whereas the Man5/9 ratio was increased at 8.04
(reference, 2.07–3.54). The disialo-biantennary glycan was
also reduced at 19.5% (reference, 24.3–41.4). In addition,
the mannose-deprived Tetra was also increased at 0.36%
(reference, 0), indicating a functional deficiency in GDP-
mannose. Unexpectedly, the hypogalactosylated gly-
cans were not increased in this patient with classic
galactosemia and monogalactosylated biantennary
glycan at 0.94% (reference, 0.82–1.98). Thus, un-
treated galactosemia patients may have N-glycan pro-
files that are very similar to PMM2-CDG.

Discussion

We developed a new semiquantitative N-glycan assay
(ESI-QTOF) to improve the diagnostic capacity of
CDG. We found that N-polymannose abundance is a
clinical sensitive biomarker for screening most CDG sub-
types that we tested and more clinical sensitive biomark-
ers than CDT in certain subtypes. Glycoproteins with
N-linked polymannose glycans are not subject to the
clearance by asialoglycoprotein receptors in liver and,
thus, have a more stable presence in the circulation than
transferrin. We demonstrated previously described diag-
nostic N-glycan changes in ALG1-, PMM2-, and ALG9-
CDG with our new ESI-QTOF assay. We also described
novel potentially characteristic polymannose changes
in ALG3-, STT3B-, DDOST-, and SSR4-CDGs.
Most of the patients with CDG that we tested have a
high Man5/9 ratio, supporting the Man5/9 ratio as an
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informative biomarker for screening most of the com-
mon CDG subtypes.

Man0 was initially described in cancerous cells dur-
ing glucose deprivation (23 ). We first reported the pres-
ence of Man0 in ALG1-CDG patients (6 ). In this study,
we found that there was marked increases of Man0 in
patients with ALG3-CDG and ALG9-CDG without any
trace of Tetra, showing that proteins with the modifica-
tion of Man0 in these CDG subtypes are secreted into the
circulation without entering the glycan processing path-
way in the Golgi. In renal carcinoma cells, Man0-
modified proteins are known to induce G2/M arrest and
cell death with prolonged upregulation of the unfolded
protein response (24 ). Whether the Man0-modified se-
creted proteins in the plasma of these patients with CDG
are toxic unfolded proteins is important to investigate in
the future.

Although asialoglycoproteins are subject to clear-
ance from the circulation by asialoglycoprotein receptors,
mild increases of asialoglycans were readily detected in
all the known patients with type II CDGs using the
N-glycan analysis by ESI-QTOF, despite persistently
normal profile of CDT. Thus, the clinical sensitivity of
our test for detecting changes in the same type of complex
glycans in patients is also much higher than that of CDT
analysis. In a patient with PGM1-CDG, our analysis of
N-glycans was able to detect changes that correlated with
therapies, suggesting that there is a therapeutic potential
in these biomarkers.

Because there are �900 genes in humans that en-
code for proteins directly involved in glycosylation pro-
cesses, many factors that alter the expression of these
genes are not yet known. With the increased clinical sen-
sitivity of our N-glycan assay, we also expect to see an
increase in secondary findings, some of which could be
related to the altered proportion of major glycoproteins
in the circulation or epigenetic regulation in inflamma-
tory conditions, liver dysfunction, or cancer (25–27),
and some could be secondary to a genetic condition that
alters gene expression, cellular protein trafficking, or
membrane dynamics of the Golgi or endoplasmic retic-

ulum, all processes that could affect protein glycosylation
(2 ).
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