Deficiency of dolichol-phosphate-mannose synthase-1
causes congenital disorder of glycosylation type Ie
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Congenital disorders of glycosylation (CDG), formerly known as carbohydrate-deficient glycopro-
tein syndromes, lead to diseases with variable clinical pictures. We report the delineation of a novel
type of CDG identified in 2 children presenting with severe developmental delay, seizures, and dys-
morphic features. We detected hypoglycosylation on serum transferrin and cerebrospinal fluid (3-
trace protein. Lipid-linked oligosaccharides in the endoplasmic reticulum of patient fibroblasts
showed an accumulation of the dolichyl pyrophosphate MansGlcNAc; structure, compatible with
the reduced dolichol-phosphate-mannose synthase (DolP-Man synthase) activity detected in these
patients. Accordingly, 2 mutant alleles of the DolP-Man synthase DPM1 gene, 1 with a 274C>G trans-
version, the other with a 628delC deletion, were detected in both siblings. Complementation analy-
sis using DPM1-null murine Thyl-deficient cells confirmed the detrimental effect of both mutations
on the enzymatic activity. Furthermore, mannose supplementation failed to improve the glycosyla-
tion status of DPM1-deficient fibroblast cells, thus precluding a possible therapeutic application of
mannose in the patients. Because DPM1 deficiency, like other subtypes of CDG-I, impairs the assem-

bly of N-glycans, this novel glycosylation defect was named CDG-Ie.

J. Clin. Invest. 105:233-239 (2000).

Introduction

The detection of hypoglycosylation of proteins based
on rapid assays such as isoelectric focusing of serum
transferrin has led to the identification of several
novel defects of N-linked glycosylation. The related
diseases have been classified as congenital disorders
of glycosylation (CDG), formerly known as carbohy-
drate-deficient glycoprotein syndromes (1, 2). In keep-
ing with the importance of oligosaccharides for gly-
coprotein functions (3), defective glycosylation leads
to various clinical presentations, such as dysmor-
phism, encephalopathy, coagulation disorders, and
other organ dysfunctions.

To date, 5 types of CDG have been characterized at
the biochemical and genetic level. The currently estab-
lished subtypes of CDG-I are caused by deficiencies in
various compounds. CDG-Ia is caused by a defect in
the PMM2 gene and a resulting deficiency in phospho-
mannomutase (4). The PMI gene is responsible for
CDG-Ib and its characteristic deficiency in phospho-
mannose isomerase (5, 6). CDG-Ic is linked to the ALG6
gene and a deficiency in ManoGlcNAc,-PP-

Dol-dependent 01,3-glucosyltransferase (PP-Dol =
dolichyl pyrophosphate) (7-9), and CDG-Id is caused
by a defect in ALG3 and a resulting deficiency in
MansGIlcNAc,-PP-Dol-dependent  a1,3-mannosyl-
transferase (10). All of these defects lead to incomplete
biosynthesis of lipid-linked GlcsManyGlcNAc; in the
endoplasmic reticulum (ER) and subsequent hypogly-
cosylation of nascent proteins. By contrast, deficiency
of the Golgi-localized N-acetylglucosaminyltransferase-
II enzyme in CDG-Ila leads to defective maturation of
complex-type N-linked glycans (11).

The assembly of lipid-linked oligosaccharides takes
place at the membrane of the ER. First, MansGlcNAc,-
PP-Dol is assembled at the cytoplasmic side of the mem-
brane; UDP-GIcNAc and GDP-Man serve as sugar
donors. After the flipping of the oligomannose core
into the luminal side of the ER, 4 mannose residues and
3 glucose residues are added using dolichol-phosphate-
mannose (DolP-Man) and dolichol-phosphate-glucose
(DolP-Glc), respectively, as donor substrates (Figure 1)
(12). DolP-Man is synthesized from GDP-Man and
DolP by DolP-Man synthase. The human enzyme con-
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Table 1

Clinical data of the 2 CDG-le patients

Pregnancy

Delivery

Apgar score

Birth weight

Head circumference
Dysmorphism

Sib1 (boy)

Normal

Normal, at term

6at1 min,9at5 min

3.6 kg

34.6 cm

Gothic palate, hypertelorism, dysplastic nails,

Sib2 (girl)

Normal

Normal, at term with mild shoulder dystocia
7 at 1 min, 10 at 5 min

4.45kg

35cm

Gothic palate, hypertelorism, dysplastic nails,

knee contractures, microgenitalia

knee and ankle contractures

Lipodystrophy Absent Absent

Epilepsy Seizures starting at 6 months, mostly myoclonic Seizures starting at 5 weeks, tonic episodes with apnea
Visual fixation Absent Absent

Muscular tone Hypotonia Hypotonia

Microcephaly

Brain MRI*
Electroencephalogram
Electroretinogram
Liver, spleen
Transaminases

3rd percentile at age 3 (45 cm)

Normal pons and cerebellum

Severely abnormal

Normal

Hepatosplenomegaly

AST 736 U/L (0-54) ALT 787 U/L (0-67)
2,078 U/L (20-155)

Not done

Creatine kinase
Antithrombin

Coagulation factors Not done

25th-50th percentile at age 1.5 (46.6 cm)
Normal pons and cerebellum

Severely abnormal

Very low amplitude (early retinopathy)
Hepatosplenomegaly

AST 119 U/L (0-54) ALT 136 U/L (0-67)
218 U/L (20-155)

Prothrombin test 13.3 s (14-18),

APTT 40.7 5 (23-33), INR 0.9

Factor XI:C assay 0.31 IU/mL (0.6-12)

AMRI, magnetic resonance imaging.

sists of 2 subunits encoded by 2 genes, DPM1 (13, 14)
and DPM2 (15). Cell lines with impaired DolP-Man syn-
thase activity exhibit altered N-linked protein glycosy-
lation; glycosylphosphatidylinositol-anchor (GPI-
anchor) biosynthesis (16) and C-linked protein
mannosylation (17) are also affected. Herein we describe
the identification of DolP-Man synthase deficiency
caused by mutations in the DPMI gene as the primary
cause for a novel type of CDG, which we call CDG-Ie.
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Figure 1

Assembly of the oligomannose core in the ER. Mannose (triangles) is
first incorporated into dolichol-bound oligosaccharides (rectangles)
from the GDP-Man donor substrate. After flipping into the luminal
side, MansGIcNAc;-PP-Dol is further decorated with 4 mannoses pro-
vided by DolP-Man. The formation of DolP-Man from GDP-Man is
catalyzed by the DolP-Man synthase enzyme, which is constituted of a
catalytic subunit (Dpm1) and a membrane-anchored subunit (Dpm2).
Once fully mannosylated, the core receives 3 glucose residues (squares)
before being transferred by the oligosaccharyltransferase complex onto
nascent glycoproteins. Filled circles, GlcNAc.

Methods

Patient cells. Primary fibroblasts isolated from a skin
biopsy were grown in DMEM/F12 with high glucose lev-
els (Life Technologies Inc., Paisley, Scotland) supple-
mented with 10% FCS. Alternatively, cells were cultured
in medium supplemented with 5 mM O-D-mannose
(Sigma-Aldrich Co., Buchs, Switzerland) for 15 days.

PMM and PMI assays. PMM and PMI activities were
measured in enucleated fibroblast cell lysates using the
assays of Van Schaftingen and Jaeken (18).

Isoelectric focusing and Western blot. Isoelectric focusing
separation of serum transferrin was performed as
described previously (19). Proteins from 100-pL cere-
brospinal fluid samples were precipitated with ethanol
and then resuspended in Laemmli buffer (20). Proteins
were separated under reducing conditions by SDS-
PAGE. After transfer to nitrocellulose, B-trace protein
was detected using an anti-f-trace protein monoclon-
al antibody (provided by H.S. Conradt, Gesellschaft fiir
Biotechnologische Forschung mblt, Braunschweig,
Germany) (21).

Analysis of lipid-linked oligosaccharides. Fibroblast cells
grown to 90% confluence on 530-cm? plates were
washed with PBS and then incubated for 90 minutes at
37°C in minimal Eagle’s medium (Life Technologies
Inc.) supplemented with 5% dialyzed FCS. After this ini-
tial incubation period, cells were labeled by the addition
of 175 MpCi [*H]mannose (Amersham Pharmacia
Biotech, Freiburg, Germany) for 1 hour at 37°C. Cells
were then washed twice with ice-cold PBS and scraped
off in 10 mL methanol and 0.1 mM Tris, pH 7.4 (8:3
vol/vol). After the addition of 10.9 mL chloroform and
extensive mixing of the samples, cells were collected by
centrifugation at 5,300 g for 5 minutes. Lipid-linked
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Figure 2

Isoelectric focusing and Western blotting. (a) Serum transferrin was sep-
arated by isoelectric focusing. The anode is at the top. The number of
negative charges is indicated at the right. (b) B-trace protein was ana-
lyzed by SDS-PAGE followed by Western blotting. Molecular weights (in
kDa) are given at the right. (Sib1 and sib2 are described in Table 1.)

oligosaccharides were extracted as described previously
(8) and were analyzed by HPLC (22).

DolP-Man synthase assay. Fibroblasts grown on a 530-cm?
plate were trypsinized and washed twice in ice-cold PBS.
Cells were lysed on ice in 50 mM HEPES (pH 7.4), 25 mM
KCl, 5 mM MgCl,, 5 mM MnCl,, and 0.2% Triton X-100
for 15 minutes; nuclei were removed by centrifugation.
DolP-Man synthase activity was assayed using 30 PL of
cell lysate in 100 L of the same bufter, with the addition
of 40 pg/mL DolP (Sigma-Aldrich Co.) and 17 pM GDP-
[**C]mannose (Amersham Pharmacia Biotech). Reaction
mixtures were incubated for 0, 5,and 15 minutes at 37°C.
DolP-Man was isolated by organic extraction (23), and
the radioactivity was measured in a beta counter (Beck-
man Coulter Inc., Fullerton, California, USA).

RT-PCR. Extraction of total RNA from patient and
control fibroblasts (2 x 107) was performed by the pro-
cedure of Chomczynski and Sacchi (24). Eight micro-
grams of total RNA and 100 units of Moloney murine
leukemia virus reverse transcriptase (New England
Biolabs Inc., Beverly, Massachusetts, USA) were used
for reverse transcription. The reaction mixture (100 pL
total volume) was incubated for 2 hours at 37°C.
DPM1 cDNA (13) was amplified by PCR using the
primer pair 5'-CATGGCCTCCTTGGAAGTCAG-3' and §'-
ACCAGGCTTCTTTCATGTTTAACC-3', with 8 UL reverse
transcription product as template. The cycling condi-
tions were 35 cycles at 94°C for 45 seconds, 56°C for
30 seconds, and 72°C for 1 minute, preceded by 6
cycles performed at higher annealing temperatures
(twice at 65°C, twice at 63°C, twice at 60°C).

Genomic PCR. The human DPMI cDNA sequence
(GenBank accession D86198) was used to screen the
available databases using the basic local alignment
search tool (BLAST) algorithm (25). One human
genomic sequence from a BAC contig on chromosome
20q13 (accession AL334553) was found to include the
DPM1 gene. Exon and intron boundaries were deter-
mined by alignment of the genomic sequence with the
cDNA sequence. The regions including exons 3 and 8
of the human DPMI gene were amplified with the
primers S TGCTTTAAAGTTCTAACAAGTGCAA-3" and 5'-

AGCAGGTGTGAGGGGTTAGA-3', and 5'-ACCAATG-
GCCAGTGAAAGTT-3' and 5'-AAACCTTACTGCTCCTT-
TACCA-3', respectively.

DNA sequencing. PCR fragments were purified using
GENECLEAN (Bio 101 Inc., Carlsbad, California, USA)
or QIAquick (QIAGEN Gmblt, Hilden, Germany) DNA
purification kits. Sequencing was performed by a com-
bination of cycle sequencing using the ThermoSeque-
nase fluorescent-labeled primer cycle sequencing kit
with 7-deaza dGTP, and solid phase sequencing using
the AutoRead Sequencing Kit (both from Amersham
Pharmacia Biotech). The sequences were analyzed on an
ALF DNA sequencer (Amersham Pharmacia Biotech).

Cloning of human DPM1 cDNA and site-directed mutage-
nesis. DPM1 cDNA was amplified by PCR as described
above using 100 ng of the human T-cell cDNA library
as template (26), and 4 units of Klentaq polymerase
(Sigma-Aldrich Co.). The resulting 840-bp fragment
was subcloned into the Smal site of pBluescript II SK+
(Stratagene, La Jolla, California, USA). Site-directed
mutagenesis was performed using 100 ng of the
resulting plasmid (pBS-DPM1wt) as template, and 4
units of Klentaq polymerase. The primers applied to
introduce the 274C>G mutation were S'-CATGGC-
CTCCTTGGAAGTCAG-3', 5'-CCCAACTTTTTCTCTCCTG-
GTCTTAG-3', 5'-TCTAAGACCAGGAGAGAAAAAGTTG-3',
and S'-ACCAGGCTTCTTTCATGTTTAACC-3'. The
primers used to introduce the 628delC deletion were
S5'-CATGGCCTCCTTGGAAGTCAG-3', S'-TCTGAAGACG-
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Lipid-linked oligosaccharide profile in a CDG-le patient.
[®H]oligosaccharides were separated by HPLC after labeling CDG
fibroblasts with [3H]mannose for 1 hour. The top profile shows
the retention times of yeast-derived oligosaccharide standards
from Man;GlcNAc; (M1) to GlesMangGlecNAc, (G3M9). The bot-
tom profile shows the MansGlcNAc; peak accumulating in the

fibroblasts from a CDG-le patient.
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Figure 4

Two mutant alleles of the DPM1 gene in CDG-le patients. The positions
of the 274C>G and 628delC mutations are marked in black on the
human DPM1 cDNA sequence. The early termination of DPM1 transla-
tion caused by the 628delC-mediated frameshift is shown as a vertical
line at position 640 of the cDNA.

236

TAGCCTTTAGAAACAC-3', S'-TCTTCAGATGGAGAT-
GATTGTTCG-3', and 5'-ACCAGGCTTCTTTCATGTT-
TAACC-3'. Twenty PCR cycles were carried out at 94°C
for 45 seconds, 52°C for 30 seconds, and 68°C for 60
seconds. The PCR products were gel purified, and the
corresponding fragments were mixed and used as
template for a second PCR that used the full-length
primers to obtain the 2 DPMI fragments with the
designed mutations. The accuracy of the obtained
fragments was confirmed by sequencing. The DPM1
cDNA sequence and the 2 mutant variants were direc-
tionally subcloned into the BamHI-Xhol sites of the
mammalian expression vector pcDNA3.1* (Invitro-
gen, Corp. Carlsbad, California, USA).

Transfection of BW5147 cells. The mouse BW5147 Thy1-
null cells of complementation class E (Thy1-E cells; 27)
were generously provided by Robert Hyman (The Salk
Institute, San Diego, California, USA), and were cul-
tured in DMEM supplemented with 10% FCS. For
transfection, 20 Pg of plasmid DNA was mixed with
107 cells resuspended in cold PBS. Cells were electro-
porated with a Gene Pulser (Bio-Rad, Hercules, Cali-
fornia, USA) setat 250 V and 960 YF. After a 10-minute
resting period on ice, cells were resuspended in cell
medium and incubated at 37°C for 3 days.

Flow cytometry. FITC-labeled antibodies to mouse
Thyl.l and human CDS9 were purchased from

PharMingen (San Diego, California, USA). Before addi-
tion of anti-Thy1.1 antibody, BW5147 cells were incu-
bated with anti-CD16/CD32 antibody for 10 minutes
on ice to block Fc receptor-mediated antibody binding.
Cells were washed twice with PBS and 1% FCS and then
incubated with diluted (1:100) antibodies for 15 min-
utes on ice. After rinsing cells once in PBS and 1% FCS,
fluorescence was analyzed on a FACScan flow cytome-
ter equipped with CellQUEST software (Becton Dick-
inson, Franklin Lakes, New Jersey, USA).

Results

Two siblings (a boy 3 years and 4 months of age, and
his younger sister aged 19 months) were hospitalized
after repeated seizure episodes. They were born at term
after an uneventful pregnancy. In both children,
weight, length, and head circumference was normal at
birth, but microcephaly developed in early childhood.
Hypertelorism, gothic palate, small hands with dys-
plastic nails, and knee contractures were observed.
Notably, nipples were not inverted as is found in CDG
type Ia. Because of a failure to thrive, the younger child
received nasogastric feeding. Her early childhood was
complicated by recurrent infections. Severe epilepsy
started in the girl at the age of 5 weeks, and in her
brother at the age of 6 months. Both children were
hypotonic and showed a severe global developmental
delay. There was no visual fixation, and they were
unable to interact socially. Electroencephalogram was
severely abnormal with bilateral epileptiform changes.
Magnetic resonance imaging of the brain revealed
widening of the frontotemporal lobe and the ventricu-
lar system but normal pons and cerebellum. A very low
flash electroretinogram suggested early retinopathy in
the baby girl. Both children showed recurrent moder-
ately elevated transaminases and creatine kinase, and
signs of mild coagulopathy (Table 1).

Isoelectric focusing of serum transferrin showed
decreased tetrasialotransferrin and increased disialo-
transferrin and asialotransferrin levels, suggesting a
possible lack of entire N-glycan chains (Figure 2a). The
hypoglycosylation phenotype was also detected in cere-
brospinal fluid, as shown by the presence of hypogly-
cosylated B-trace protein (Figure 2b). These patterns
were reminiscent of the distribution observed in CDG
types Ia, Ib, and Ic.

However, PMM and PMI activity levels were found to
be normal in the patients’ fibroblasts (data not
shown). We investigated the profile of dolichol-bound
oligosaccharides in the ER to detect a possible defect
in the assembly of the oligomannose core. This analy-
sis revealed an accumulation of the Man;GlcNAc,-PP-
Dol precursor structure in both patients (Figure 3).
This accumulation was indicative of decreased avail-
ability of DolP-Man, the substrate for mannosyltrans-
ferases that act in the lumen of the ER (see Figure 1).
Alternatively, a block at the level of the MansGlcNAc,-
PP-Dol-dependent mannosyltransferase would yield a
phenotype similar to that observed in the Saccha-
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Genomic organization of the human DPM1 gene. Exons are numbered
and represented as filled rectangles. Introns are indicated as solid lines.
The positions of initiation and termination of translation are symbol-
ized by ATG and TAA, respectively. The sizes of the exons and introns
are shown proportionally. The bottom panel shows the sizes and
boundaries of the DPM1 exons and introns.

romyces cerevisiae alg3 yeast mutant, which lacks this
mannosyltransferase activity (28, 29).

The coding sequences of the 3 candidate genes
(DPM1, DPM2, and the ALG3 mannosyltransferase
gene) were investigated in the patients. Whereas human
DPM1 and DPM2 cDNA have been cloned previously,
the human gene orthologous to the ALG3 mannosyl-
transferase gene was not known as such, although its
cDNA had been isolated and specified as encoding a
Not56-like protein (GenBank accession Y09022). The
sequences of the DPM2 and ALG3 mannosyltransferase
cDNA of the patients revealed no abnormality (not
shown). However, based on cDNA analysis, 2 mutant
DPM]1 alleles were identified in the patients. The 2 sib-
lings and their mother were found to be heterozygous
for a C - G transversion at position 274, resulting in
arginine-to-glycine substitution (R92G). The 2 children
were also heterozygous for an allele with a C deletion at
position 628 that was also detected in the father. The
mutation resulted in a premature stop of the transla-
tion at position 640 (codon 213) (Figure 4).

Comparison of Dpm1 protein sequences from sever-
al species indicated that the arginine residue at position
92 was semiconserved. This was found in Caenorbabditis
briggsiae and Schizosaccharomyces pombe, but not in Sac-
charomyces cerevisiae, Trypanosoma brucei, or Ustilago may-
dis (14). It is worth noting that the species in which the
R92 residue is conserved contain a class of DolP-Man
synthase constituted of 2 subunits, Dpm1 and Dpm2.

The genomic structure of the DPM1I gene was eluci-
dated to confirm the presence of the mutations at the
genomic level. The genomic organization of DPM1 had
been only partially characterized, with the first 3 exons
revealed (13). To complete the task, we first searched

GenBank for possible genomic sequences that would
include the DPM1 gene. In fact, a contig sequence
(accession AL334553) on chromosome 20q13 was
found to contain the entire DPM1 gene, which spans
23.6 kbp. The DPM1 gene was split in 9 exons (Figure
5). Examination of the exon-intron boundaries showed
that the 274C>G mutation was in exon 3 and the
628delC deletion was in the middle of exon 8, thereby
excluding possible splicing artifacts. Sequencing of
exons 3 and 8 in the CDG patients and their parents
confirmed the mutations found at the cDNA level
(data not shown).

DolP-Man synthase activity was measured in fibrob-
lasts from the CDG patients and from healthy control
subjects. An activity of 11.8 pmol/min per mg protein
was found in control cells, and a residual activity of 0.7
pmol/min per mg protein was detected in the CDG
cells. Although DolP-Man synthase activity in the CDG
fibroblasts was decreased to 6% of the normal level, the
remaining activity was significantly above the detection
limit of the assay, indicating that the 2 mutations iden-
tified in the DPM1 gene of CDG patients did not com-
pletely inactivate the enzyme. To determine the impact
of each mutation on DolP-Man synthase activity, we
engineered DPM1 expression vectors that expressed
either the wild-type cDNA, the 274C>G mutation, or
the 628delC deletion. The constructs were transfected
into mouse BW5147 Thy1-E cells (27), which are defi-
cient in DolP-Man synthase activity due to inactive
Dpm1 enzyme (13). Restoration of Thyl expression
was analyzed by flow cytometry 3 days after transfec-
tion. Cells transfected with a construct expressing wild-
type DPM1 reacted positively for Thy1 staining, where-
as cells transfected with an empty vector remained

64
64

Mock DPM1 wild-type
8 02% 8
_
@
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R O T e eI e T imau it e
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o o
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= L (=)
100 fot 30z 909 qo¢  C100 q0' 302 105 704
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Figure 6

Complementation of Thy1-E cells. BW5147 Thy1-null cells, trans-
fected with DPM1 expression vectors, were analyzed for Thy1 stain-
ing by flow cytometry. Each panel shows the fluorescence histogram
obtained for cells transfected with a mock vector, the human
DPM1wild-type cDNA, the human DPM1 274C>G cDNA, and the
DPM1 628delC cDNA. The region marked with the horizontal bar
denotes the percentage of Thy1-positive cells.
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Mannose supplementation in CDG fibroblasts. Lipid-linked oligosac-
charide profiles (a) and CDS59 levels (b) were analyzed in CDG cells
cultured for 15 days in the presence of 5 mM mannose. The top
panel shows the HPLC elution profile of the MansGlcNAc; standard
(MS5) derived from the Saccharomyces cerevisiae alg3 yeast mutant cells.
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Thyl-negative (Figure 6). A small population of Thy1-
positive cells was detected after transfection with the
DPM1 gene containing the 274C>G substitution, indi-
cating that this mutation does not abolish DolP-Man
activity. By contrast, the transfection of Thy1-E cells
with the vector including the DPM1 gene with the
628delC deletion failed to restore Thyl expression at
all (Figure 6); this is compatible with the observation
that a deletion of the 24 COOH-terminal amino acids
also abolished DolP-Man synthase activity (15).
Depletion of GDP-Man caused by deficiencies in
PMM and PMI, and the resulting protein hypoglycosy-
lation can be improved in vitro by supplementing with
1-2 mM mannose in the cell culture medium (30, 31).
To evaluate whether the DolP-Man synthase deficien-

cy detected in CDG patients can be overcome by man-
nose addition, we cultured the CDG fibroblasts in the
presence or absence of 5 mM O-D-mannose for a period
of 15 days. The dolichol-bound oligosaccharides were
then analyzed in both cell populations. At the same
time, we analyzed the levels of the GPI-anchored pro-
tein CDS9 at the surface of CDG fibroblasts before and
after mannose supplementation. Identical lipid-linked
oligosaccharide profiles were detected in cells cultured
with or without the addition of mannose (Figure 7a).
Similarly, after mannose supplementation, the CD59
levels measured on DPMI-deficient CDG fibroblasts
remained unchanged, at 40% of the amount normally
found on fibroblast cells (Figure 7b).

Discussion
We have identified a novel type of CDG caused by a defi-
ciency in DolP-Man synthase activity. The shortage of
DolP-Man affects the biosynthesis of the lipid-linked
GlcsManyGleNAc; substrate for N-linked protein glyco-
sylation, and results in a suboptimal N-glycosylation of
nascent glycoproteins and suboptimal biosynthesis of
GPI-anchored proteins. Because DolP-Man deficiency
causes hypoglycosylation of proteins similar to that
encountered in CDG-I, we propose to classify this novel
ER-associated defect as CDG-Ie. Clinically, apart from
the psychomotor retardation and the marked hypotonia,
these patients are quite different from CDG-Ia patients.
By contrast, CDG-Ie patients show striking similarities
with the patients reported by Stibler et al. and defined as
CDG type IV (32). The molecular basis of the defect
underlying the glycosylation deficiency in these type IV
patients has not been disclosed yet, but we speculate that
it may be either identical to the defect presented here or
otherwise related to an alteration at the level of DolP-
Man availability or incorporation into oligosaccharides.

DolP-Man serves as donor substrate in the process of
N-linked protein glycosylation, GPI-core biosynthesis,
and C-glycosylation of proteins (17). Therefore, a limita-
tion in the DolP-Man pool can possibly affect the forma-
tion of different types of glycoproteins. Indeed, we detect-
ed decreased levels of the GPI-anchored CDS9 protein at
the surface of CDG-Ie fibroblasts. Similarly, the shortage
of mannose-1-phosphate caused by both PMM and PMI
deficiencies may also affect the same pathways, because
GDP-Man is the substrate for DolP-Man synthesis. How-
ever, analysis of CD39 levels on fibroblasts of several
CDG-Iaand -Ib patients revealed normal levels (data not
shown). Because GDP-Man not only serves as a substrate
for DolP-Man synthesis, the differences in the biochem-
ical and clinical representation of CDG-Ia and CDG-Ib
vs. CDG-Ie can be understood on this basis. In addition,
it is important to note that all mutations that cause the
clinical picture of CDG are missense mutations allowing
for some residual activity of the affected protein. The
extent of this residual activity strongly affects the clinical
picture of the CDG patients.

In this respect it is interesting to note that in this first
described case of CDG-Ie, the combination of a severe
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deletion with a missense mutation is observed: the dele-
tion 628delC causes a complete inactivation of the pro-
tein (Figure 6) (15), whereas 274C>G seems to be a mild
mutation. It may well be that, analogous to the PMM2
mutations in CDG-Ia (33), homozygosity for the severe
628delC mutation is lethal. This fits with the observa-
tion of a relatively mild mutation in combination with
a deletion, yielding an inactive enzyme. It is possible
that homozygosity for the 274C>G mutation may leave
enough DolP-Man synthase activity to prevent a short-
age of DolP-Man with pathological consequences.
The form of CDG caused by PMI deficiency (CDG-Ib)
can be successfully treated with oral mannose (5).
Because DolP-Man synthase activity was not com-
pletely lost in the CDG-Ie fibroblasts, we thought that
an elevation of the cellular mannose pool might force
the defective enzyme to produce more DolP-Man.
However, our data showed that the addition of man-
nose had no effect on the hypoglycosylation phenotype
of CDG-Ie cells. It is probable that an excess of intra-
cellular mannose does not lead to the high pool of
GDP-Man required for increasing the synthesis of
DolP-Man. It is possible that a conversion of GDP-Man
to GDP-fucose (34) lowers the GDP-Man pool in man-
nose-fed cells. In any case, considering the severe symp-
tomatology, it is unlikely that supplementation thera-
py would improve the condition of CDG-Ie patients.
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