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Deficiencies in the pathway of N-glycan biosynthesis lead to severe multisystem diseases, known as
congenital disorders of glycosylation (CDG). The clinical appearance of CDG is variable, and differ-
ent types can be distinguished according to the gene that is altered. In this report, we describe the
molecular basis of a novel type of the disease in three unrelated patients diagnosed with CDG-L.
Serum transferrin was hypoglycosylated and patients’ fibroblasts accumulated incomplete lipid-
linked oligosaccharide precursors for N-linked protein glycosylation. Transfer of incomplete
oligosaccharides to protein was detected. Sequence analysis of the Lec35/MPDUI1 gene, known to be
involved in the use of dolichylphosphomannose and dolichylphosphoglucose, revealed mutations
in all three patients. Retroviral-based expression of the normal Lec35 cDNA in primary fibroblasts
of patients restored normal lipid-linked oligosaccharide biosynthesis. We concluded that mutations

in the Lec35/MPDU1 gene cause CDG. This novel type was termed CDG-If.
J. Clin. Invest. 108:1687-1695 (2001). DOI:10.1172/JCI1200113419.

Introduction
Congenital disorders of glycosylation (CDG) are a fam-
ily of severe inherited diseases caused by a defect in pro-
tein N-glycosylation (1-4). These multisystem disorders
present with a wide variety of clinical features, such as
disorders of the nervous system development, psy-
chomotor retardation, dysmorphic features, hypoto-
nia, coagulation disorders, and immunodeficiency. The
broad spectrum of features reflects the critical role of
N-glycoproteins during embryonic development, dif-
ferentiation, and maintenance of cell functions (5, 6).
Isoelectric focusing of serum transferrin, a sialylat-
ed glycoprotein, is used as a diagnostic tool and
makes it possible to distinguish two basic types of
CDG: deficiencies in assembly of the core oligosac-
charide or its transfer to protein are referred to as
CDG-I and defects in trimming and modification of
the core oligosaccharide after its transfer to protein
are referred to as CDG-II (7). Several subtypes of
CDG have been characterized at the biochemical and

genetic level, such as the deficiency in phosphoman-
nomutase activity, caused by a defect in the PMM2
gene (CDG-Ia) (8, 9), the deficiency in the phospho-
mannose isomerase activity due to a mutated PMI
locus (CDG-Ib) (10, 11), mutations in the ALG6 gene
resulting in a reduced dolichylphosphoglucose-
dependent (Dol-P-Glc-dependent) o1,3-glucosyl-
transferase activity (CDG-Ic) (12-15), mutations in
the ALG3 gene leading to a reduced dolichylphos-
phomannose-dependent (Dol-P-Man-dependent)
o1,3-mannosyltransferase activity (CDG-Id) (16), and
a defect in the Dol-P-Man synthase activity due to
mutations in the DPM1 gene (CDG-Ie) (17, 18). Fur-
thermore, a deficiency in the Golgi enzyme N-acetyl-
glucosaminyltransferase II leads to CDG-IIa (19),
mutations in the glucosidase I gene lead to CDG-IIb
(20), and an impaired transport of GDP-fucose into
the Golgi apparatus causes CDG-Iic (21).

The assembly of the dolichylpyrophosphate-linked

oligosaccharide core is a highly conserved process that
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takes place at the endoplasmic reticulum (ER) mem-
brane (22). The synthesis of the lipid-linked MansGlc-
NAG; intermediate occurs at the cytoplasmic face of the
ER, and nucleotide-activated sugars serve as donors for
the glycosyltransferases involved in this process. The
oligosaccharide assembly is completed at the luminal
leaflet of the ER membrane. The lipid-linked MansGlc-
NAc; intermediate, and Dol-P-Man as well as Dol-P-Glc,
the substrates of the luminal glycosyltransferase reac-
tions, are translocated across the membrane in the so-
called flipping processes (23). The complete oligosac-
charide is the preferred substrate for the enzyme
complex oligosaccharyltransferase (OTase), which trans-
fers the oligosaccharide from the lipid carrier to selected
asparagine residues of nascent polypeptide chains
(24-26). However, the OTase will also transfer biosyn-
thetic intermediates, albeit with a reduced efficiency (25).
The terminal a-1,2 glucose residue of the lipid-linked
GlecsManyGleNAc; oligosaccharide is an essential ele-
ment in substrate recognition by the OTase complex
(27). The incomplete but glucosylated GlcsMansGlc-
NAc; oligosaccharide is transferred to protein more effi-
ciently than MansGlcNAc; oligosaccharide (28).

In this study, we present the identification of a novel
type of CDG (CDG-If) found in three unrelated
patients. When lipid-linked oligosaccharide (LLO)
intermediates isolated from these patients were ana-
lyzed, we detected the accumulation of dolichylpy-
rophosphate-linked MansGlcNAc;, GlesMansGIeNAc,,
ManyGlcNAc;, and GlesManyGleNAc, LLOs. Sequenc-
ing of the Lec35 gene, recently termed MPDUI (29), from
patients’ fibroblasts revealed mutations in this locus
known to be required for efficient use of Dol-P-Man
and Dol-P-Glc in mammalian cells (29). Importantly,
the deficiency in the LLO biosynthesis in patients’
fibroblasts was complemented by the expression of
normal Lec35 cDNA. Our data define a novel type of
CDG (CDG-If) caused by a defective Lec35 function.

Methods

Cell culture of patient cells. Primary fibroblasts isolated
from a skin biopsy were grown in DMEM/F12 with
high glucose levels (Life Technologies Inc., Paisley, Scot-
land), supplemented with 10% FCS. Epstein-Barr virus-
transformed (EBV-transformed) lymphoblasts (30) were
grown in Iscove’s modified DMEM with 10% FCS.

Analysis of serum transferrin. Isolectric focusing was
done as previously described (31).

Analysis of LLO. Fibroblasts were grown on 530-cm?
plates to 90% confluence, washed with PBS, and prein-
cubated in DMEM (Life Technologies Inc.) supple-
mented with 5% dialyzed FCS at 37°C for 90 minutes.
Cells were then labeled in 80 ml of the same medium
for 1 hour at 37°C by the addition of 175 uCi [*H]man-
nose (Amersham Pharmacia Biotech, Freiburg, Ger-
many). To terminate the labeling, cells were washed
with ice-cold PBS twice and scraped from the plate in
10 ml methanol/0.1 mM Tris, pH 7.4 (8:3 vol/vol).
Then 10.9 ml chloroform was added, the samples were

vigorously mixed, and the cells were harvested by cen-
trifugation at 5,300 g for 5 minutes. LLOs were extract-
ed (12) and analyzed by HPLC as described (32). To
obtain standard oligosaccharide, exponentially grow-
ing yeast cells were labeled for a short time period in
order to obtain labeled biosynthetic intermediates.
LLOs were extracted as described (12). However, the rel-
ative abundance of the different intermediates varied
between different preparations.

For quantification of the relative abundance of the dif-
ferent oligosaccharide species, the radioactivity in a peak
area was determined and compared to the sum of the
radioactivity representing all LLO species. No correction
was made for the relative abundance of mannose.

PNGaseF treatment of cellular protein and analysis of pro-
tein-linked oligosaccharide. Cells were grown and labeled
as described for the analysis of LLOs. The cells were
scraped from the plates in 2 ml methanol/0.1 mM Tris,
pH 7.4 (8:3 vol/vol). After the addition of 5 ml chloro-
form and mixing, the samples were centrifuged at 5,000
g for S minutes. The interphase was carefully removed
and LLOs were separated from proteins by extraction
into chloroform/methanol/water (10:10:3 vol/vol/vol).
After centrifugation, the resulting pellet containing the
glycoproteins was dried under a stream of nitrogen to
remove chloroform. Proteins were denatured by the
addition of 200 pl of 1% SDS/2% 2-mercaptoethanol
and incubation on ice for 30 minutes. Oligosaccharides
were cleaved from protein by adding 500,000 U/ml
PNGaseF (New England Biolabs Inc., Beverly, Massa-
chusetts, USA) in 30 pl of 0.5 M potassium phosphate,
pH 7.5, and 60 pl 10% Nonidet-P40 and incubating
overnight at 30°C. Proteins were removed from
oligosaccharides by precipitating them with 600 pl
ethanol. Then, the samples were dried under a stream
of nitrogen and resuspended in 60 pl of water. Before
HPLC analysis (see above), samples were filtered
through an Ultrafree MC filter (Durapore; Millipore
Corp., Bedford, Massachusetts, USA).

Analysis of total dolichol-P levels. Dolichol-P (Dol-P) was
extracted as described (33). EBV-immortalized cells were
grown to an approximate cell number of 10°. Cells were
pelleted and resuspended in 6 ml H,O. Dolichyl-18-P
(6 ug) in a small volume of hexane was added as an inter-
nal standard. The cell suspension was then subjected to
strong alkaline hydrolysis (3 M KOH in 40% methanol,
100°C, 60 minutes). Dol-P was extracted by the addition
of 6 ml methanol and 24 ml dichloromethane to the
hydrolysate, and the mixture was incubated for 1 hour at
40°C. The organic (lower) phase was removed and
washed four times with equal volumes of dichloro-
methane/methanol/water (3:48:47). The washed organ-
ic phase was dried under N, and the lipids were dissolved
in 10 ml methanol/water (98:2) containing 20 mM
H3PO,. A C-18 Sep-Pak (2 ml) was equilibrated with 10
ml methanol/water (98:2) containing 20 mM H3PO,, and
the lipid extract was applied to the column. The column
was washed with 10 ml methanol/water (98:2) contain-
ing 20 mM H3PO4and then with 10 ml methanol/water
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Table 1
Clinical and laboratory data of the three patients

Patient S Patient L Patient A
Sex male female male
Parental consanguinity + - +
Family normal brother died at 2 mo. with similar disease normal
Pregnancy 37 weeks 40 weeks 40 weeks
Birth weight 2,485¢g 3,200¢g 3,200¢g
Perinatal problems hypotonia, seizures hypertonia no
Feeding problems from 4 months no no

Psychomotor development absent

Dysmorphy large anterior fontanel,
bilateral parietal bossing, thin lips

Seizures severe, with apnea and death at 10 mo.

Hypotonia e+

Tendon reflexes normal

Visual and acoustic responses absent

at 4 months
W: P3-1.1 kg
HC: P3-2 cm

Somatic development

Skin disorder
Other clinical features

generalized patchy desquamation
no weight gain, oxygen dependency, ascites

Serum transferrin isoelectrofocusing { tetrasialo
T disialo
Serum transaminases normal

Other laboratory abnormalities mild persistent thrombocytopenia,

periodic elevation of CPK
Nerve conduction velocity normal
Ophthalmoscopy
Electroencephalogram

Magnetic resonance imaging
of the head

Other features

optic atrophy
hypsarhythmia
normal myelination, enlarged
subarachnoid space, enlarged ventricles
mild pericardial effusion,
bilateral small cortical renal cysts

severe retardation
no

hypertonic attacks in infancy
normal
normal

at 16 years
W: P3
H: P3-16 cm
HC: P3
Normal pubertal development

ichthyosis

! tetrasialo
7T disialo
normal

transient deficiency of
growth hormone and IGF-|

normal
pale papillae
abnormal B-activity
normal myelination

severe retardation
no

generalized febrile at 15 mo.
+
normal
normal

at 10 years
W: P97

H: P10-25

HC: P75-97

transient eczema
{ tetrasialo
T disialo
normal
no

normal
normal
generalized dysrhythmia

normal myelination,
enlarged frontal spaces

ND, not done; H, height; W, weight; HC, head circumference; P, percentile (in the case in which parameter values are below the third percentile, the dif-

ference from this percentile is also given).

(98:2). Dolichol and Dol-P were eluted with chloro-
form/methanol (2:1), and the eluate was adjusted to 0.5%
NH4OH (vol/vol). A silica Sep-Pak (2 ml) was equilibrat-
ed with 40 ml chloroform/methanol (2:1) containing
0.5% NH4OH, and the dolichol- and Dol-P-containing
sample was applied to the column. Dolichol was
removed from the silica Sep-Pak in 20 ml chloro-
form/methanol (2:1) containing 0.5% NH4OH, and Dol-
P was eluted with 30 ml chloroform/methanol/water
(10:10:3). Samples were dried under N, and resuspended
in the mobile phase solvent mixture. The Dol-P fraction
was separated into single isoprenologues on a Merck
LiChrospher (Merck KGaA, Darmstadt, Germany). 100
reverse-phase C-18 column (5 um, 4 X 12.5 mm) equili-
brated with the mobile phase for 1 hour using a
Merck/Hitachi L-6200A Intelligent pump (Merck
KGaA). The mobile phase (isopropanol/methanol/water,
65:30:5, containing 20 mM H3POy) was run at a flow rate
of 1 ml/min. Samples were injected using an autosam-
pling device (Merck/Hitachi AS-2000A). Dol-P was
detected by absorption at 214 nm with a Merck/Hitachi
L-4250 UV-VIS detector.

Genomic PCR and sequence analysis. The genomic
structure of the human Lec35/MPDUI gene was
deduced by searching GenBank using the basic local
alignment search tool (BLAST) algorithm with the
human Lec35 cDNA, and exon and intron bound-
aries were determined. The regions containing the
exons 1 to 7 were amplified by PCR using genomic
DNA and the following primers: 5’-ACG AAA GTC AAT
GGC GGT CTG-3" and 5’-CGT CAC TTA GTC GCC GAT
CAA G-3’ for exon 1; 5’-CTG GCC TGG GTT TCA GAC
ATC-3" and 5’-CCA CTT TGC TGC CTT GTA ACC TC-3’
for exons 2 and 3; and 5’-CAG AGC ATA GTG TCC CTG
GAT GG-3" and 5’-GAG GAT GAG TAA GTC ACA CCA
GCA G-3’ for exons 4 through 7. Conditions for the
amplification protocol are available upon request.
PCR fragments of the expected size of 238 bp for
exon 1, 487 bp for exons 2 and 3, and 1,048 bp for
exons 4 through 7 were purified, and sequences were
determined as described previously (17).

Expression of Lec35 cDNA in primary buman fibroblasts. An
expression cassette including the Lec35 cDNA flanked by
the cytomegalovirus (CMV) promoter and the SV40 polyA
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signal derived from the pcDNA3.1 vector (Invitrogen
Corp., Carlsbad, California, USA) was subcloned into the
PBABE-hygro retroviral shuttle vector (34). Amphotropic
recombinant retrovirus was generated by Lipofectamine-
mediated (Invitrogen Corp.) transfection of the packag-
ing CAKS cell line with 5 g of the respective retrovirus
DNA constructs (35). The culture medium of transfected
cells was recovered after 48 hours and used as retrovirus
suspension. Human primary fibroblasts were infected at
amoi of 10 in the presence of polybrene at 4 pg/ml for 5
hours. Hygromycin B (20 pg/ml) selection was started 48
hours after infection.

Results

Identification of the patients. The primary clinical and lab-
oratory data of the three unrelated patients are listed
in Table 1. In summary, patient S had intractable
seizures from birth. He had severe feeding difficulties
necessitating nasogastric feeding. Psychomotor devel-
opment was absent. He showed persistent oxygen
dependency from the age of 4 months, and developed
ascites progressing to anasarca during the last months
of his life. There was no hypoalbuminemia and no evi-
dence of cardiac or pulmonary pathology. He devel-
oped patchy desquamation over his entire body. His
seizure activity worsened, and this was accompanied by

recurrent apnea leading to his death at the age of 10
months. Patient L was admitted to hospital at the age
of 5 months for attacks of hypertonia, a congenital dis-
abling ichthyosis-like skin disorder and psychomotor
retardation. Because of low serum cholesterol, a tenta-
tive diagnosis of hypo-B lipoproteinemia was made.
Skin biopsy showed nonspecific changes. She was seen
again at 2 years and 4 months with the same symptoms
and, in addition, growth retardation. She was next seen
at the age of 16 years. She had severe dwarfism, psy-
chomotor retardation (developmental level of 1 year),
and unchanged skin disease. Laboratory investigation
showed a normal growth hormone response. Serum
transferrin isoelectro focusing revealed increased
disialotransferrin, suggesting a diagnosis of CDG (Fig-
ure la). Patient A is a boy with severe psychomotor
retardation but no growth or skin problems. At 15
months he had generalized seizures that responded
well to valproate. At the age of 10 years his psychomo-
tor developmental age is about 2.5 years.

The isoelectric focusing of serum transferrin from the
three patients revealed hypoglycosylation of the protein
in a type 1-like pattern (36) (Figure 1a). Phosphoman-
nomutase and phosphomannose isomerase activities
in patients’ fibroblasts were found to be normal,
excluding CDG-Ia and CDG-Ib (data not shown).

The Journal of Clinical Investigation |

December 2001 |

Volume 108 | Number 11



Accumulation of intermediates in LLO biosynthesis in
patients’ fibroblasts. Based on the isoelectric-focusing
pattern of serum transferrin (Figure 1a), we conclud-
ed that there was a defect in oligosaccharide core
assembly or in its transfer to protein in these patients.
Therefore, we analyzed the LLO isolated from
patients’ fibroblasts. A specifically altered LLO profile
can be diagnostic for a given type of CDG-I. Figure 1,
b-d, shows the LLO profiles obtained upon HPLC
analysis. All three patients accumulated the lipid-
linked Mans;GlcNAc, intermediate as well as a
detectable amount of completely assembled oligosac-
charide (GlcsMangGleNAc,). Preparations of oligosac-
charides derived from patient S and patient A revealed
ManoGlcNAc;, and an additional oligosaccharide
species was detected in fibroblasts from patient S.
Comigration experiments using LLO from a geneti-
cally tailored yeast mutant strain (relevant genotype:
Aalg3 overexpressing ALG6; ref. 37) suggested that this
species represented a GlcsMansGIcNAc; oligosaccha-
ride, lacking all four mannose residues derived from
Dol-P-Man-dependent mannosyltransferase reac-
tions. This type of LLO profile has not been observed
in previously characterized types of CDG. We con-
cluded that the biosynthesis of the LLO was affected
in this novel type of CDG.

Incompletely assembled oligosaccharides are transferred to
protein in patients’ fibroblasts. To analyze N-linked
oligosaccharides (NLO), glycoproteins in patient and
control fibroblasts were labeled by incubating cells in
the presence of [*H]mannose. Total glycoprotein was
isolated, the oligosaccharide moiety was cleaved from
protein with PNGase F and extracted and analyzed by
HPLC (Figure 2). In all cells, we detected a major peak
comigrating with the ManyGlcNAc, oligosaccharide
standard and minor peaks comigrating with
GlciManyGleNAc;, MangGlcNAc;, and Man;GlcNAc,
oligosaccharides. Analysis of NLO from cells that were
grown in the presence of deoxynojirimycin as glycosi-
dase inhibitor supported the assignment of these peaks
and suggested that complete GlcsManyGlcNAc, was
transferred to protein in all patients’ fibroblasts (data
not shown). These different oligosaccharide species can
be explained by the action of deglucosylating enzymes
(38) and ER-localized mannosidases (39) as well as
UDP-glucose-dependent glucosyltransferase (40) on
the complete GlcsManoGlcNAc; oligosaccharide trans-
ferred to protein. Interestingly, we observed a novel
group of protein-bound oligosaccharides in patients L
and S. A putative MansGlcNAc; oligosaccharide repre-
sented the major peak, but signals comigrating with the
Man,GlcNAc; and the MangGlcNAc, were also present.
Experiments using deoxynojirimycin inhibitor are com-
patible with the hypothesis that these N-linked oligosac-
charides derived from the transfer of GlcsMansGlcNAc,
to protein (data not shown).

Normal Dol-P levels in patients’ fibroblasts. Mutations
that affect the synthesis of the lipid carrier Dol-P can
severely affect the N-glycosylation pathway (41, 42).

Therefore, Dol-P was analyzed both quantitatively and
qualitatively in immortalized lymphoblasts from
patient L and from a control subject. These lym-
phoblasts exhibited the same LLO pattern as the pri-
mary fibroblasts derived from the same patient (data
not shown). Human dolichol and dolichylphosphate
has a chain length of 17-21 isoprene units (43) (Figure
3). Dol-P standards isolated from yeast cells served as a
marker for the chain length of the Dol-P, and Dol-P
composed of 18 isoprene units (Dol-18-P) was added as
an internal standard before extraction. As shown in Fig-
ure 3, patient L contains very similar levels of Dol-P as
compared with the control subject, and the chain-
length distribution also is the same in patient L and in
the control subject. From this we concluded that
biosynthesis of Dol-P was not affected.

Mutations in the LEC35/MPDULI locus of patients’ cells.
The deficiencies in both N-linked glycosylation and

M, M, M, M,;M, M, M, G, M,
[

(dprm) L1y

1400
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700 1
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0
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270
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Figure 2

Analysis of NLOs in CDG patients and a control subject. Metaboli-

cally labeled NLOs were isolated from a healthy individual (co

ntrol

subject) and from patients A, L, and S (CDG-If patient A, CDG-If
patient L, CDG-If patient S). [*H]-labeled NLOs were cleaved from
protein by incubation with PNGaseF, protein was removed by pre-

cipitation, and the liberated oligosaccharides were analyze

d by

HPLC using a radiodetector to monitor elution positions. Elution
positions for standard oligosaccharide intermediates Man3GlcNAc,
to GlcyManyGleNAc; (M3, M4, Ms, Mg, M7, Mg, Mg, G1Mo) are given

at the top of the figure.
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(mv) 5.00 [ Figure 3
Analysis of total Dol-P levels in a healthy individual (control subject)
3.75 Standard and patient L. Dol-P was extracted from approximately 10° EBV-
transfected lymphoblasts grown in liquid culture and analyzed. Iso-
250 prenologues were separated by HPLC and detected using an ultravi-
125 olet detector at 214 nm. Dol-P composed of 18 isoprene units
(Dol-18-P) was added to the cells before extraction and served as a
0.00 ‘ qualitative and quantitative marker. Dol-Ps isolated from genetical-
(mv) 10.0 30 60 90 (min) ly tailored yeast cells served as standards for the Dol-Ps composed
of 15-21 isoprene units (Dol-P standards). The chain length of the
75 isoprenologues is indicated above the peaks.
50 Dol-18-P Control
Dol-19-P . . . .
25 amplified from patient-derived genomic DNA, and
Dol 20-P their sequence was determined. Indeed, in all three
0.0 % n 50 (min) Patients mutations were found (Eigu.re 4). Patietn.t A
(mv) 10.0 is homozygous for a T—C substitution at position
751l 356 (cDNA-ORF), leading to an amino acid change
Dol16.P Patient L (L1 19.P), ..and patient S is homozygous fgr a GoA
5.0 substitution at position 218 (G73E). Patient L was
Dol19-P heterozygous for two different mutations in the
25 Dol-20-P Lec35/MPDUI locus, the parental origin of these two
0.0 mutations was determined by sequencing parental
~o 30 60 90 (min) Lec35/MPDUI loci. A 2T—C substitution changing

glycosylphosphatidylinositol (GPI) anchor biosyn-
thesis (data not shown) but normal Dol-P levels in
patients’ fibroblasts suggested a deficiency in Dol-P-
Man synthesis or use. However, the presence of sig-
nificant levels of lipid-linked ManyGlcNAc; oligosac-
charide (in patient S and A) also suggested a
deficiency in Dol-P-Glc use. Such a phenotype, not
known in mutant yeast cells, was reminiscent of defi-
ciencies detected in Chinese hamster ovary-derived
(CHO-derived) Lec35 mutant cells (29). Therefore,
the seven exons of the Lec35/MPDUI locus were

the initiating methionine to threonine (M1T) was of
maternal origin, and a deletion of a C at position 511
(511delC) leading to a frameshift was the paternal
allele. We postulated that the mutations in the
Lec35/MPDUI gene of the patients are the cause for
the CDG phenotype observed. This is supported by
the observation that the deduced Lec35 protein
sequence from five control individuals and from 46
assembled EST sequences available in the databases
do not contain polymorphisms.

Complementation of the Lec35/MPDUI mutation in pri-
mary patients’ fibroblasts. To demonstrate the direct
relation between the Lec3S5 deficiency and the glyco-

T
v 40
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Figure 4

Alignment of the primary sequence of Lec35 proteins from human (Homo sapiens, GenBank accession no. XP_008236), mouse (Mus muscu-
lus, accession number QIR0Q9), hamster (Cricetulus griseus, accession no. Q60441), worm (Caenorhabditis elegans, accession no. AAA83473),
and plant (Arabidopsis thaliana, assembled from genomic clone AF147262). Regions conserved in the five proteins are shaded in black, and
residues that are conserved in four proteins are shaded in gray. The amino acid substitutions and the change of reading frame detected in
CDG-If patients are indicated above the human sequence. The line following the A-mark for the mutation 511delC shows the portion of the
polypeptide translated in another reading frame before a stop codon appears (vertical line).
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Table 2
Complementation of the deficiency in LLO biosynthesis in patient fibroblast by expression of Lec35 cDNA

Origin of cells Retrovirus used LLO
for transformation MansGlcNACc; MangGlcNACc; ManyGlcNACc; Glcy.3MangGlecNACc,
GleczsMansGleNAc,
control vector 73.3
Lec35 74.8 £+13.9
Patient A vector 40.4+5.7 31.8+59
Lec35 11.6+1.5 68.8+9.7
Patient S vector 17.6 £9.7 10.8+2.5 40.3+21.3 15.6+7.6
Lec35 65.5+19.2

The abundance of an LLO species relative to the sum of all LLOs isolated from the transformed patient cells indicated in the first column is given. Only val-
ues above 10 are shown. Mean values with SD from three experiments are given, except for control cells transformed with vector virus, where the mean value
from two experiments is shown.

sylation disorder, a Lec35 expression cassette was
introduced (the CMV promoter was used to drive
Lec35 cDNA expression) into the primary patients’
fibroblasts using a retroviral vector. A retroviral vec-
tor expressing a hygromycin B resistance gene alone
was used as a negative control in these experiments.
To visualize complementation, the accumulation of
LLOs was determined. Patients’ cells transfected with
the control vector retained the underglycosylation
phenotype, characterized by the accumulation of
lipid-linked MansGlcNAc; and MangGlcNAc; as the
main oligosaccharides. By contrast, patients’ cells
infected with the Lec35-expressing retrovirus showed
a restored normal LLO profile, primarily the mature
lipid-linked GlczManoGlcNAc; oligosaccharide was
detected (Table 2).

Discussion

Here we present the identification of mutations in the
Lec35/MPDUI gene, recently located on chromosome
17 and termed MPDUI (29), as the primary cause for
a novel type of CDG, to which we assign the designa-
tion If. At a cellular level, this type of CDG-I is char-
acterized by the accumulation of a defined set of
intermediates in LLO biosynthesis: the ManyGlcNAc;
and the MansGlcNAc; oligosaccharides were the
major species detected, but complete GlcsManoGlc-
NAc; oligosaccharide was also detected. Interestingly,
the GlcsMansGlcNAc, was observed in fibroblasts
derived from patient S. This oligosaccharide is trans-
ferred to protein, because we detect protein-bound
oligosaccharides that derived from this incompletely
assembled but glucosylated OTase substrate in
patient A- and S-derived fibroblasts.

In this limited sample of patients, the severity of the
clinical phenotype correlated with the accumulation
of intermediates of core oligosaccharide and with the
transfer of truncated oligosaccharides to protein:
patient S, homozygous for a mutation that alters a
conserved residue in the Lec35 protein sequence, has
the most severe deficiencies at the cellular and molec-
ular level. The very dramatic clinical picture reflects
this. In patient L, we detected heterozygous mutations
that either eradicate the start codon on the maternal

allele or lead to a frameshift resulting in the expression
of a hydrophilic instead of a very hydrophobic C-ter-
minal part of the Lec35 protein from the paternal
allele (Figure 4). We hypothesize that neither of these
two alleles express functional Lec35p; however, we can-
not exclude the possibility that the truncated Lec35
protein remains partially active. We assume that the
absence of Lec35p function is tolerated at a cellular
level, and to a certain extent, also at the systemic level.
This observation is supported by the existence of
mutant CHO cells that do not harbor a functional
Lec35/MPDUI allele (29).

The ability to complement the deficiency in LLO
biosynthesis in patient-derived cells by expression of a
normal Lec35 cDNA shows that the Lec35 deficiency is
the primary cause of the disease.

Mutant Lec35 CHO cell lines were shown to accu-
mulate the MansGlcNAc; LLO intermediate and to be
unable to produce MangGlcNAc; or longer interme-
diates, although the substrates for these reactions,
Dol-P-Man and Dol-P-Glc, were present and the gly-
cosyltransferase activities seemed to be normal (44,
45). A recent analysis of the Lec35 mutant phenotype
showed that the use of Dol-P-Man in the process of
C-mannosylation and GPI anchoring and Dol-P-
Glc-dependent reactions in the ER also require
Lec35p activity in vivo. Interestingly, the deficiency
can be complemented in vitro by the addition of
detergent (29). The accumulation of the lipid-linked
ManoyGlcNAc; in patients’ fibroblasts (Figurel) sup-
ports the finding regarding Dol-P-Glc use. We also
observed a reduced level of the GPI-anchored CD59
protein at the cell surface of fibroblasts of two
patients, suggesting a deficiency in GPI-anchor
biosynthesis (data not shown). However, the simulta-
neous build-up of MansGlcNAc;, GlesMansGIcNAc,,
ManyGlcNAc;, and GlezMangGleNAc; (patient S, Fig-
urel) is not explained by a shortage of either Dol-P-
Man or Dol-P-Glc and also makes a deficiency in a
Dol-P-Man or a Dol-P-Glc “flippase” (46, 47) activity
in these cells unlikely. Instead, it implies that these
substrates are present, but cannot be used efficiently.
As suggested by Lehrman and coworkers (29), we con-
sider the role of the Lec35 protein as a dolichol chap-
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erone required for the lateral distribution of Dol-P-
Man and Dol-P-Glc within the ER membrane. Stud-
ies on the influence of dolichol and its derivatives on
the properties of model membranes revealed that
these molecules do not distribute homogeneously in
the lipid bilayer but might aggregate and form clus-
ters within the membrane (48, 49). We propose that in
the absence of the Dol-(P) chaperone Lec35p, specific
Dol-P-Man and Dol-P-Glc clusters (or rafts) form
within the membrane at the place of their synthesis
and translocation. Within the framework of our
hypothesis, the aggregation of these components
required for the synthesis of the LLO substrate
reduces the relative local concentration of the differ-
ent substrates. When two such rafts come in close
contact with each other, the biosynthesis can contin-
ue: if the Dol-PP-Mans domain encounters a Dol-P-
Man domain, synthesis up to Dol-PP-GIcNAc;Many
proceeds; if a Dol-P-Glc raft is in close proximity, syn-
thesis of the Dol-PP-GlcNAc;MansGlcs occurs. The
limited access of the OTase complex to the complete-
ly assembled, but aggregated, Glc;ManyGlcNAc,
oligosaccharide might be an additional reason for the
hypoglycosylation observed in CDG-If patients,
because completely assembled oligosaccharide was
detected in patients’ fibroblasts.

The identification of mutations in the Lec35/MPDU1
locus as the cause of a severe form of CDG (CDG-If)
would not have been possible without the knowledge
gained from mutant CHO cells altered in the N-linked
glycosylation process (29, 44, 45, 50-52). Conversely,
the analysis of the deficiencies observed in CDG-If
patients might lead to an understanding of Lec35 func-
tion at a cellular and molecular level. Mutant cell lines
will be a valuable tool to experimentally address the
function of Lec35p, but the impact of its deficiency at
the systemic level may only be clarified by targeted gene
disruption in mice.
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