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Congenital Disorder of Glycosylation (CDG) type Ic is caused by mutations in ALG6. This 
gene encodes an α1,3 glucosyltransferase used for synthesis of the lipid linked 
oligosaccharide (LLO) precursor of the protein N-glycosylation pathway.  CDG-Ic patients 
have moderate to severe psychomotor retardation, seizures, hypotonia, strabismus, and 
feeding difficulties.  We previously identified a typical patient with a heterozygous point 
mutation, c.391T>C (p.Tyr131His) in ALG6.  Using complementation analysis of ALG6-
deficient yeast, we show that this alteration is as severe as the most common disease-causing 
mutation, c998C>T (p. Ala333Val), which occurs in over half of all known CDG-Ic patients. 
The frequency of c.391T>C (p.Tyr131His) in the US population, is 0.0214,  suggesting that 
homozygotes would occur at a rate of ~1:2,200.  We identified one patient with typical  
CDG-Ic symptoms and a homozygous p.Tyr131His alteration in ALG6.  However, in 
contrast to most CDG patients, her LLO and plasma transferrin glycosylation appeared 
normal. Thus, it is unclear whether c.391T>C causes CDG-Ic or contributes to the 
symptoms. Genotyping additional patients with CDG-like symptoms will be required to 
resolve this issue. © 2003 Wiley-Liss, Inc. 
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INTRODUCTION  

Patients with Congenital Disorders of Glycosylation (CDG, MIM# 603147) typically have variable 
psychomotor retardation, which is often accompanied by seizures, feeding difficulties, strabismus, and hypotonia 
(Freeze, 2001; Jaeken et al., 2001; Miller and Freeze, 2003).  The CDGs, which sometimes resemble 
mitochondrial disorders (Briones  et al., 2001), are likely to be highly under diagnosed (Schollen et al., 2000; 
Freeze, 2001).  Typically, initial CDG diagnosis relies on first demonstrating altered glycosylation of serum 
transferrin (Tf).  Finding normal transferrin usually eliminates further consideration of CDG, even though not all 
documented CDG patients exhibit this alteration. (Dupre  et al., 2001) (Fletcher et al., 2000). 

Currently ten different types of CDG are known to decrease N-linked glycosylation by reducing the synthesis or 
transfer of the lipid-linked oligosaccharide precursor (LLO) from the lipid carrier to newly synthesized proteins in 
the endoplasmic reticulum (ER). These are called Group I disorders and they result in unoccupied glycosylation 
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sequons on a large number of proteins. The most common disorder, CDG-Ia (MIM #601785), is caused by 
mutations in PMM2, encoding phosphomannomutase (Man-6-PàMan-1-P) The mutations decrease the GDP-Man 
pool and lead to insufficient precursor LLO synthesis (Rush et al., 2000).  Another type, CDG-Ic (MIM# 603147), 
is caused by mutations in ALG6, which encodes an α1,3glucosyltransferase that adds the first of three glucose 
residues to a non-glucosylated, incomplete LLO sugar chain.  CDG-Ic patients synthesize a normal amount of this 
truncated LLO, but it is inefficiently transferred to protein, again resulting in unoccupied glycosylation sequons.  
CDG-Ic patients typically have hypotonia, psychomotor retardation, seizures, strabismus, feeding problems and 
coagulapathy (Grunewald  et al., 2000; Imbach et al., 2000). Eleven different mutations have now been described 
in 18 ALG6 patients (Körner et al., 1998; Imbach et al., 1999; Grunewald et al., 2000; Hanefeld et al., 2000; 
Westphal et al., 2000 b; du Plessis  et al., 2001; Newell et al., 2003).  Nine patients are homozygous for the 
mutation 998C>T, p.Ala333Val, and their clinical presentations are considered mild compared to typical CDG-Ia 
patients (Grunewald  et al., 2000) although three of the 18 known patients died (Newell et al., 2003).   

Here we show that an ALG6 variant, c.391T>C (p.Tyr131His), only partially rescues defective glycosylation in 
alg6-deficient yeast strains. This variant occurs at a surprisingly high frequency in the general North American 
population. In addition, we identify a patient with typical CDG-Ic symptoms who is homozygous for c.391T>C, 
but her normal Tf glycosylation and LLO size do not support that the c.391T>Cvariant is responsible for these 
symptoms. 

MATERIALS AND METHODS 

Media, Strains and Materials 

Most of the materials were obtained from Sigma Chemical Co. (St. Louis, MO) except for the following: 
Minimal Essential Medium (α-MEM and DMEM)  (Gibco BRL, Baltimore, MD), RPMI 1604 medium (Irvine 
Scientific, La Jolla, CA), fetal bovine serum (Hyclone Laboratories, Logan, UT).  Oligonucleotides were from 
Genbase (San Diego, CA).  Sequencing was performed using BigDye sequencing kit on an ABI 377 DNA 
sequencer, both from Applied Biosystems (Foster City, CA). The Saccharomyces cerevisiae strain YG227 (Reiss 
et al., 1996) deficient in ALG6 (a kind gift from Markus Aebi) was grown in standard YPD and SC media 
(Sherman, 1991).  The α1,3 glucosyltransferase complementation using patients ALG6 was done as described 
(Westphal et al., 2000a; Westphal et al., 2002). 

Analysis of cell lines: Dermal fibroblast cultures were derived from control and patients, as described 
previously (Westphal et al., 2002).  Metabolic labeling of various cell lines with [2-3H] Mannose and HPLC 
analysis of the LLO chains was done as previously indicated.  

Analysis of ALG6 mutations (GenBank: AF102851.1): Genomic and cDNA was prepared from documented 
CDG patient fibroblasts as previously indicated (Westphal et al., 2002). Genomic DNA from control volunteers, 
patients with documented Crohn’s disease and colitis, patients thought to have mitochondrial disorders, and 
parents of the patient described in this report were prepared from leukocytes essentially as described previously 
(Westphal et al., 2001).  Genomic DNA from colon cancer patients was prepared from normal colon biopsies. All 
other control samples were from the DNA Polymorphism Discovery Resource, which is comprised of DNA 
samples of healthy non-consanguineous Americans of diverse ethnic backgrounds as described in 
http://www.nhgri.nih.gov/Grant_info/Funding/discover_polymorphisms.html.  The mutation was analyzed either 
by sequencing or by template-directed primer extension with fluorescence polarization detection TDI-FP 
genotyping (Chen et al., 1999). 

RESULTS 

p.Tyr131His in ALG6  

We previously identified a CDG-Ic patient with three mutations in ALG6, one maternal mutation, causing 
p.Ala333Val, and two paternal mutations, causing p.Ser308Arg and p.Tyr131His (Westphal et al., 2000a).  Each 
mutation was tested for its ability to complement the defective glycosylation of carboxypeptidase Y (CPY) in an 
alg6 deficient-strain of S. cerevisiae.  The results suggested that p.Ser308Arg is the most serious of the mutations, 
since it was totally incapable of rescuing faulty CPY glycosylation. p.Ala333Val and p.Tyr131His both partially 
rescue CPY glycosylation as shown in Figure 1, indicating that these mutations are substantial, but less severe than 
the p.Ser308Arg mutation. Rescue with several other ALG6 mutations are shown in Figure 1 for comparison. 
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Figure 1. Analysis of functional expression of human ALG6 mutations in yeast.  alg6-deficient S. 
cerevisiae were transformed with plasmids carrying normal human ALG6  gene or  with the 
indicated mutations. Cells were lysed, extracts separated by SDS-PAGE, and immunoblotted to 
visualize carboxypeptidase Y (CPY). Fully glycosylated CPY, or glycoforms missing 1 or 2 
oligosaccharide chains are indicated. The more severe the mutation, the greater the amount of 
incompletely glycosylated CPY. Mutations leading to p.Ala333Val and p.Tyr131His substitutions 
are about equally severe. 

 
While analyzing a series of CDG patients with unknown glycosylation defects, we noted that 3 were 

heterozygous for the ALG6 p.Tyr13His variant. We considered the possibility that this allele occurs at high 
frequency in the general population and analyzed control populations consisting of local volunteers and samples 
from the SNP discovery panel composed of an ethnically diverse American population (Newell et al., 2003).  
Several American and European disease control populations were also analyzed, including patients with colon 
cancer, Crohn’s disease and ulcerative colitis, and a group suspected of having mitochondrial disorders.  We 
included documented CDG patients who carried two known mutations in other CDG-causing genes. The results 
presented in Table I show that the allelic frequency of the c.391T>C variant in the combined populations is 0.0214 
(26/1214) with only slight variations between the groups.  

Identification of a patient homozygous for p.Tyr131His  

We identified one adolescent patient with a clinical history typical of CDG-Ic (Grunewald et al., 2000).  In 
early infancy she had global developmental delay, low muscle tone, and strabismus. Myoclonus episodes 
accompanied by fever began at age 3.5 yrs.  Cerebellar dysfunction including dysarthric speech, wide-based gait, 
past pointing and partial agenesis of the corpus callosum were noted.  EEG was normal. Muscle biopsy and 
mitochondrial DNA mutation screen showed no evidence of mitochondrial abnormalities. Gastrointestinal 
disturbances and ataxia prompted Tf IEF analysis as a potential diagnostic for CDG. The pattern appeared normal 
at that time.  However, analysis of the ALG6 gene and its transcripts showed that she was homozygous for 
p.Tyr131His, and both parents were heterozygous. [2-3H] Mannose metabolic labeling showed normal LLO size 
without an increased amount of non-glucosylated species.  Thus, her biochemical analysis is not consistent with 
other CDG-Ic patients or the expected consequences of disease-causing mutations. 

 
Table I. Frequency of the ALG6 c.391T>C 

Source of DNA N 
(subjects) 

T/T T/C C/C Freq of C 

Normal Control* 446 427 19 0 0.0213 

Suspected Mitochondrial Disorder**  50 48 2 0 0.0200 

Crohn’s Disease and Ulcerative Colitis#  21 20 1 0 0.0238 

Colon cancer^   69 66 3 0 0.0217 

Proven CDG-Ia, Ib, Ic, Ie patients^^  21 20 1 0 0.0238 

 
* Multi-ethnic US samples from the SNP Discovery Panel. 
** Provided by B. Barshop, UCSD Dept of Pediatrics. 
# UK patients provided by R.Day. 
^Combined US and Spanish patients, provided by M. Perucho. 
^^Samples from documented cases of CDG in the US and Europe. 
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DISCUSSION 

Here we show a variation (p.Tyr131His) in ALG6, occurs at high frequency and complementation analysis of 
alg6-deficient yeast indicate that this alteration has significant consequences for its ability to rescue CPY 
glycosylation. This method quantitatively measures of the severity of human ALG6 mutations (Imbach et al., 1999; 
Imbach et al., 2000; Westphal et al., 2000a; Westphal et al., 2002) and even reveals subtle differences for non-
disease causing ALG6 variants such as p.Phe304Ser (Vuillaumier-Barrot et al., 2001; Westphal et al., 2002).  
Based on this established method, the severity of p.Tyr131His is clearly similar to p.Ala333Val.  

What is unclear is whether this variation actually causes CDG-Ic. The patient described here showed normal Tf 
glycosylation pattern by IEF and mass spectrometric analysis (Lacey et al., 2001). These results were somewhat 
surprising, but not unprecedented.   Documented CDG-Ia patients with abnormal Tf IEF patterns early on in their 
course sometimes develop a normal pattern over time in the absence of clinical improvement (Fletcher et al., 2000; 
Dupre et al., 2001).  

Fibroblasts from our patient synthesized normal-sized LLO precursor, which was surprising since CDG-Ic 
patients with a homozygous p.Ala333Val mutation synthesize only 12-63% normal LLO (Imbach et al., 2000).  
Thus, neither LLO size, nor Tf IEF status indicated the biochemical characteristics expected for a CDG-Ic patient.  

One explanation for this unusual finding is that this patient does not have altered glycosylation. Another 
explanation is that the p.Tyr131His variant does have significant effects, but they are below the threshold for 
expression in fibroblasts.  It is also possible that the variant exacerbates CDG-like clinical features in this patient, 
and she may have additional mutations in related pathways that are further compromised by defects in synthesis 
and/or transfer of LLO sugar chains. 

The allelic frequency of c.391T>C (0.0214) predicts that homozygotes would be born at a rate of ~1/2200. If 
true, this would far exceed the annual estimate of 100-200 new cases of CDG-Ia in the US every year (Schollen et 
al., 2000). Currently, the US has less than 100 CDG patients of all types.  

Our results suggest that if this homozygous variant causes CDG, it may not be detected by standard CDG Tf 
tests. Genotyping other patients with CDG-Ic-like symptoms will be needed to determine whether this variant 
actually causes CDG-Ic.  
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